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COLLOID DYNAMICS* 


VICTOR COFMAN 
Wilmington, Delaware 

“Simplicity And ssmometry should be among the chief 
aims of a scientific theory. It is {>robable that the same 
laws which regulate the movement of electrons within the 
atom also determine the paths of planets in their orbits; a 
complete understanding of the simplest phenomenon may 
enable us to explain the Universe.” 

ABSTRACT 

Several phenomena, at present little known or neglected, are 
described and explained: spontaneous dispersion -of liquids, 
change in surface tension of solutions with pH; transformation 
of chemical into surface energy, “thermo-osmosis,” etc. 

New experimental methods are given for the determination of 
(a) swelling pressure of gels, (&} concentration of soap in jSlms, 
(c) vdocity of adsorption at liquid surfaces. 

The similarity between the following variables and phenomena 
is discussed: 


P' !=» CoEoid pressure; 

Swelling pressure of gels: 
Surface pressure of adsot 
inoleetdes. 

Volume of gel; 

Volume of Surface Eegio: 
' Colloid potential; 
pH; in special cases, 
energy; 

energy. 

S' ss Colloid entropy: 


Osmotic pressure 


V = Volume of solution 
T » Temperature, or Ixeat potential. 

B ^ Heat energy or molecular energy* 
S = Heat entropy: 



^ A jrlsuin^ of a series of five lectures^ delivered at tie Scfio<fi of Chemiatryand 
Pliysics of T^e PeBUEt^ly^ia State CoUi^ in January, 1927. 

^ ^ ■ ' T. ' . 
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M' “ Mass of oriented molecules 
F' =s Partial molal free energy, = 
dE^ 
dM' 

Adsorption at surfaces 

Spontaneous dispersion 
Lyophobic and lyophyllic colloids 
Electro-osmosis 
Stream Potential 
Electro-phoresis 

Colloid Engine; 

Muscular System 
Propagation of nerve stimuli 


M » Mass of solute molecules. 

dE 

F = Partial molal free energy — 

Distribution of crystalloid between two 
phases. 

Boiling of liquids 
Vapors and permanent gases 
^ *Thermo-osmosis’ ’ 

''Stream Temperature” 

' 'Thermo-phoresis* * ; 

Crook’s Radiometer 
Heat Engine 

Propagation of disturbances in elastic 
media, e.g. sound waves. 


The parjJlelism in most cases is complete, the relations between 
the colloid variables P', V', T', etc., being identical with those 
holding between the “crystalloid” or “gas” variables, P, V, T, 
etc. The fundamental relation for crystalloids or colloids is 

dB = TdS - PdV + FndMa 
= T'dS' - P'dV' + F„dMa 


or, in general, introducing t, the time variable, and equating to 
zero: 

FadMa - PadVa + TadSa - Xadta = 0 


This is a symmetrical eqxiation in which X stands for dB/dt, or 
“power” function, and n for any number of variables of the same 
type: M. may represent the mass of gas, colloid, solute, elec- 
tr<ms, etc.j Pa may stand for gas pressure, colloid pressure, osmo- 
tic pressure, electromotive force, and so pn. The relation be-' 
tween entropy and time is similar to that between noass and vol- 
ume; in other words, en^opy extends in time just as mass extends 
in space. Or, the events of which our world is composed may be 
separated into a space-component, mass, and a time-component, 
entaropy. 

This pdnt of view leads to a simple thermodynamic distinction 
between animate and inanimate systems: in a non-living process 
entropy may be considered at rest or in simple motion; in a liv- 
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mg system entropy is in complex motion; by comparing the two, 
a . quantitative measure of the life factor may be obtained. 
Systems containing catalysts or enzymes are apparently of an 
intermediate type in which the displacement of entropy in time 
is of a predictable character. 

i|c 4c 

' ■ WHAT IS A COLLOro? 

The ori^nal definition of colloids endows them with negative 
characteristics only; they are Mt crystalline, do not diffuse throng 
membranes, do not exert osmotic pressure and do not affect th^ 
vapor pressure or the freezing point of water. Apart from being 
of an entirely negative character, these statements are true 
only ia a very restricted sense; many crystalline substances can 
exist in the colloidal state, the vapor pressure and freezing point 
of gels differ greatly from those of their liquid, and the swelling 
pressure is not distmguishable m its action from osmotic pressure. 

The size of the particles in a system has been used by Zsig- 
mondy (1) and others as a criterion of coUoidaJity. According, 
to this view, colloid systems contain particles much larger than 
molecules, yet below the limit of microscopic vision (10~® to 
10“^ cin. diam.). Wo. Ostwald has stressed the necessity of 
several phases being present in a colloid system and has pointed 
out the large amoimt of surface accompanying the state of fine 
dispersion. At the present tune the orientation theory empha- 
sizes the fact that colloid properties depend on a certain arrangei- 
ment of the molecules; at the boundary of a phase, orientation 
always takes place to a greater or less extent. In elastic gds the 
orientation may be considered to occur in the interior of a liquid, 
independent of the presence of an interface, unless the oriented 
molecules themselves be considered to repres^t another phase 
(Bancroft (2)). 

In this paper we shall follow the thermodynamic method, 
which is independent of any sfeructural theory. Nevertheless, 
it wUl make the argument clearer if we indicate occamonally the 
picture we have in mind when discussing a ^ven j^enomenon. 
It is eomement to imagine that a system will have qoHoidal prop- 
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erties if it contains large polar molecules, or particles, more or 
less oriented. Such particles possess Kttle or no energy of 
motion. There is, then, at one extreme the perfect gas composed 
of molecules which move haphazardly; its energy is a function of 
the temperature only. At the other extreme is the ideal colloid, 
a substance with large oriented molecules which have but little 
freedom of movement. The energy of the colloid is not, therefore, 
heat energy (irregular molecular motion), but another form of 
energy which will be shown later to be of an electrochemical 
nature. 

j The various defiboitions of colloids merely look upon the sub- 
ject from different points of view: A high degree of dispersion 
(Zsigmondy, Alexander, Von Weimam (3)) implies a large amount 
. of interface (Ostwald), which in turn leads to the orientation of 
molecules (Harkins, Langmuir, Hardy (3)) and involves the pres- 
ence of energy other than heat (Einstein (4)). 

Colloids, it may be added, are not chemical compounds in 
the strict sense of the word. Their composition varies continur 
ously with changes in physical conditions (see section on colloid 
energy). It would be convenient to designate them by the name 
fhyaicdL compounds. 

THE COIiliOID VABUBMJS 

The state of a gas or of an ordinary solution depends upon 
varicms factors, such as pressure, volmne, and temperature. 
By tire application of certain fundamental prindples which de- 
termine the rdation between those factors, a great advance in 
our phyobo-chenncal knowledge has taken place during the last 
few decades. K, however, we try to apply t® colloids the thermo- 
dynamic relations which have been found so useful in the case of 
ordinary solutions, we are confronted with a difficult situation, 
because P, V, T, are no longer important variables where col- 
loids are concerned. P, the osmotic pressure is, by definition, 
zero or ne^gjble in the case of colloid solutions; in place of 
volume it is the stirface which is important. The temperature 
too, must often be kept ecmstant in a colloid system. This is 
shown by the fact that the colloids which form bur body, and 
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which probably come nearest to the ideal state, must be roain- 
tained at a constant temperature. AU this is in accordance ydth 
our picture of the colloid as a substance in which energy is present 
in a form other than heat energy. 

Since the thermodynamic variables, P, V, T, etc., are not suit- 
able, we shall find another set of variables to take their place. 
For simplicity we shall denote these new variables by the cor- 
responding letters, P', V', T', etc. Like ordinary pressure, 
volume, and temperature, these new variables are magnitudes 
that can be measured by experiment, and are independerd of any 
theories. 

The colloid pressure P': The swelling pressure of geU. When a 
sugar solution is enclosed in a semipermeable membrane, such 
as parchment paper, and immersed in pure water, the water 
penetrates into the sugar solution and builds up a certain pres- 
sure. This is called osmotic pressure. If a gelatine gel be used 
in place of sugar solution, it behaves in the same way; it absorbs 
water and exerts pressure, the so-called pressure of swelling of 
gels. 

The great pressure exerted by colloids on swelling has been 
known from ancient times. The Egyptians used the pressure of 
swelling of wood to didocate huge blocks of stone. Conversely, 
when shrinking owing to loss of water, gelatine pulls with suffi- 
cieiit force to chip the ^ass to which it is attached.^ 

Posnjack (5) has measured directly, in an osmotic cell, the 
pressure of swelling of gelatine, up to 6 atmo^heres (fig. 1). 
The swelling pressure of gelatin may also be measured by balanc- 
ing it against the osmotic pressure of cr 3 rstalloid solutions. If a 
series of cubes of a gel (containing, say, 25 per cent dry gelatine) 
are placed in sugar solutions of different strengths, then the gelar 
tine acts to a large extent as its own semipermeable membrane 
and accotrding to the concentration of the surrounding sugar, 
water passes from the gel to the solution or vice versa (fig. 2). 

* The colloid pressuie, it may be lemarked, offers a simple mechanism for the ' 
rise of sap in plants. It is known tltat osmotic pressure dne to the erystdloid 
substances in tbs plant cell^u insufficient to account tdone lor the presshre nee^ 
sary for that purpose. : 
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Posnjak’s origmal data were expressed in terms of concentra- 
tion of gelatine per 100 grams of gel (fig. 1) and an exponential 


owcLuriGk Pre;<ssuRC 
(Kqm^Cw?). 


Fio. 1. Posntjak’s Data on the Swelling Pressttke oe Gelatine 


76 60 90 /oo 

Gns. SiMAR PCR IQO QMS. WaTCR 

Fig. 2. Equilibrium between Osmotic Pressure and Swelling 

Pressure 

equation was fitted to represent the relation between concentra- 
tion and swelling pressure, namely P = PoO (n = nearly 3). 
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It is customary, on the other hand, to express osmotic pressure 
results in relation to concentration of solute per 100 grams of 
solvent (6). By plotting Posnjak’s data in the same way (fig. 
3) it will be seen that the curves become much strai^ter than ia 
figure 1. Further, it was assumed in deducing the exponential 
formula that C = 0 when P = 0; but it is well known that [(be- 
low 20°) a gel will come to equilibrium with pure, or nearly 
pm:e solvent. This means that a formula of the type P = AC 
+ const, would be more consistent with facts. 

i 

o 

S /€0 
r" 

^/20 

OSO 

(i. 

o 

./i ^ 

go / *345 6 

o SwelUhq Pressure: 

CKqms/Crflk’) 

Fig. 3. Data of Figtob 1 Rbcalotjlated in Terms of Concentration of 
Gelatin fer 100 Grams of Water 

The experiments with sugar solution stron^y si^gest that 
whatever law connects concentration and osmotic pressure, also 
connects concentration and swelling pressure of gels. These 
experhnents will have to be repeated with a real sranipermeable 
membrane between the sugar and gdatin, in order to prevent 
completely the difiusion of sugar, before final conduaons can be 
drawn. 

The general mathematical relations which we shall presently 
devdop are independent of the particular law which governs 
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pressure concentration. Even when the “gas laws” are used, 
a linear relation need not be presupposed, if the “activity coef- 
ficient” (a) is introduced. 

The surface "pressure of adsorbed films. When a film of certain 
substances is present at the surface of a liquid, it exerts a pres- 
sure. This pressure is measured experimentally as the differ- 
ence between the surface tension of the pure liquid and the 
surface tension of the siurface containinated with the adsorbed 
substance. Mgure 4 shows a simple apparatus which may be 



Fia. 4. SVBTAOB FKBSSnXB Atpaiutitb 


used for the purpose: a shallow tray filled with water having a 
fixed barrier (paraffined copper plate or rod) at A, and a movable 
aluminum “float” at B. A monomolecular film of, say, oleic 
add, lyin® on the water between A and B exerts a pressmre on the 
float B, and this can be measured by placing wd^ts on the 
Ibalanoe at C. A more complete accoimt of the behavior of 
thin fihns will be found in an article by N. K. Adam in this 
journal (7). 

The ixMoid volume V<' is the space within which the pressure P', 
is active. In gds V' may be taken to be the volume of the ^ 
or more correctly, the volume of the gel less the volume actu^ly 
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occupied by the colloid. This corresponds to the (v— b) 
factor in van der Waals’ equation of state for gases, and is neces- 
sary in order to obtain a shnpler relation between pressure and 
volume, both in ordinary solutions and in gels (6). 

In surface solutions V' is the volume of the surface r^ion. In 
figure 6, XY represents the surface of a liquid which, when pure, 
has a surface tension a represented by the inward pointed arrows. 
An adsorbed substance at the surface exerts an outward pres- 
sure, F, which opposes the surface tension. This pressure is 
similar to the osmotic pressure of ordinary solutions. It has 
been customary to express this “pressure” F in dynes per cm. 
The pressure, however, acts over a small but finite distance. 



Fio. 6. Opposite Dibbctions op Vbctop.s por Sttbpace Pressure and 
S uRPACE. Tension 

8, which is the thickness of the surface region. F/5 therefore 
represents the surface pressure and As the volume of the sinface 
region, A being the area. 

Returning for a moment ^o our structural idea, we may imagine 
that the concentration of oriented molecules becomes so great 
that they can “join hands,” so to say, and form a continuous 
frame-work (8). Under those circumstances, when aU the sol- 
vent is within the region where the force of orientation acts, the 
system becomes an elastic gel. On the assumption that the sur- 
face pressure and the swelling pressure are identical, we may write 
P' = F/S. On the same assumption, we may calculate the value 
of the thickness of the surface region, from the concentration of 
colloid per cm. square of surface, r, and from the minimum con- 
centration of coUoid that will give a gel Cm, because, assuming 
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complete moleculai orientation, we have 5 = The transi- 
tion from gel to sol, however, is not sharp and S will not he an 
exactly defined quantity; the result, nevertheless, may serve to 
indicate the order of magnitude of the surface region. 

In the case of sodium oleate. Cm, the Tninimum concentration 
needed to give a gel is 0.24 grams per cubic centimeter (9). 
The “area per molecule” iu a mono-molecular soap film has been 
calculated by Harkins and Zolhnan (10) from emulsion experi- 
ments to be about 47 X 10-*« cm.®, which corresponds rou^y 
to 1 X 10 grams of sodium oleate per square centimeter of inter- 
face. The writer, by a direct method, has fomd for the concen- 
tration of soap per square centimeter of foam surface a value of 
approximately 2 X 10 grams. The thickness of the surface 
layer is therefore of the order of magnitude 


1,5 X 10-® 
0.24 


“OX 10”^ cm. 


or 60 Angstrom units. The length of the oleic molecule itself 
has been computed to be 11 to 27 A (from the thickness of sur- 
face films (11) and from x-ray measurements (12)). 

The direct method for determining the concentration of sodium 
oleate in foam is as follows: 

One cubic centimeter of a solution containing about 0.1 per 
cent sodium oleate and an equal amoimt of sodium carbonate 
(to keep the pH constant at about 10) is placed in a small glass 
tube and air free from GO 2 is forced throu^ a capillary so as to 
form uniform bubbles of about 0.05 cm. diameter. Under these 
conditions, practically all the soap can be obtained in the form 
of a permanent foam of uniform bubbles. The surface area of 
this foam can be readily calculated, bdng equal to 

volume X 6 
diameter of bubbles 

In a series of experiments at 22°, 1 cc. of n/ 500 solution con- 
taining 0.06 per cent sodium oleate yielded on the average 36 oc. 
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of foam 'with uniform bubbles of 0.07 cm. diameter, representir^ 
a surface of 

6 X 35 -t- 0.07 - 3000 cm.* 

therefore the maximum amount of sodium oleate per square 
centimeter of surface is 
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Fio. 6. Appabatus fob DsTHBiainNO the Concbntbation pp Soap in 

Foau 

Corrections -would have, to be made for tiie amount of soap left 
in solution and for that present in the interior of the film, but 
these would both tend to decrease the value of S. The above 
method can be employed for determinir^ the foaming pbwer of 
soaps in absolute units. Mgure 6 shows how the apparatus can 
be arranged for convenient use: 

The tube t contaiiung the soap solution is connected with two 
capillaries, A and B. Throu^ d. ^ is introduced under a defi- 
nite pressure, measured by the manometer attached to the inlet 
tube at P. The capillary B servw to introduce the solution at 
the beginning, and to -withdraw it at the end of the experiment. 
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also to clean the apparatus without having to remove it from the 
thermostat, G. 

The writer wishes to emphasize the fact that the experiments 
described here, and elsewhere in this paper, were carried out in 
an industrial laboratory and that no attempt has been made to 
secure a hi^ degree of accuracy. They are given here for the 
sake of the principles involved and not as exact quantitative 
determinations. The results obtained by other investigators are 
given for comparison wherever data are available. 


S Palmitic Acid Film oh 
^^1 (Acioif-icd) water 


y 

®“30| 

< 


10 20 SO 40 5b 

Temperature 


60 

•C. 


I!io. ,7. InitiVUMcb ov TsMpmyurusm on Stjbi'acb Fiui 
(N. K. Adam. Proc. Roy. Soc. 101, (A), 619 (1922)) 

The colloid "‘temperaiure” or poieriUal T'. It has been stated 
above lhat the temperature should be considered a constant in 
colloid systems. By this it is not meant that temperature 
does not affect colloids, but only that the changes caused by heat 
are discontinuous. Figure 7 shows the effect of temperature on 
the area occupied by a surface film of palmitic acid. (13) . When 
the temperature rises, little or nothing is observed up to a eer- 
t^ point, in the neighborhood of 25° to 30°, when a sudden 
change takes place; after that, further increase in temperature 
has but sli^t effect. Evidently in this case the relation between 
temperature and area (or colloid volume) cannot be expressed by 
a simple formula. 
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Consider now figure 8 which shows how the OH4on concen- 
tration (pH = log OH“ion concentration + 14) affects the sur- 
face pressure of fatty acid films (14). (The latter is rou^y 
proportional — or symbat — ^to the drop number) . It is evident 
that there is a gradual, and in some cases almost a linear change. 
The surface pressure can therefore be expressed as a simple func- 
tion of the pH. 



Fio. 8. IwrLtrBNOB ov pH on Sobi'aob Teinsion of Soaf SoLtmoNS 
(S. Jarisoh. Bioehem. Zt. 134, 163 (1022)) 


The variable T which causes the pressure and volume of ^ises 
to increase is called temperature or heat potential The variable 
T' which causes an increase in the colloid (surface) pressure and 
volume we shall denote by the name colloid potential. In the 
particular instance of fatty acid films, the pH is, within limits, 
a measure of the colloid poteuti^, but it should be undescsto<^ 
that is not necessarily true for films of otbmr substances. 

Temperature is measured in many ways: by the expansSeh 
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of mercury, or of gas, by means of thermo-couples, radiation pyro- 
meters, etc. S imilar ly, according to circumstances, in order to 
measure colloid potential we shall use the expansion of films and 
gels, hydrogen electrodes, color indicators, etc. K we had an 
ideal ooUoid whose volume V' diminished continuously with 
decreasing colloid potwitial, finally becoming zero, then the col- 
loid potential corresponding to zero volume would be the abso- 
lute zero of the colloid, potential. Like the perfect gas (15) 
“the ideal colloid is an invented substance, defined by certain 
propertira which are not possessed by any actual substance, but 
which are supposed to be approadied by many actual coUoids 
(at great concentration and high potential),. We may state, 
then, that the perfect colloid is a substance which fulfills the two 
following conditions: 

1. That its energy is a function of the colloid potential alone. 


or in other words that 



2. That when its T', P', V', are changed, these obey the rela- 
tion P' Y' = M' R' T' where M' is the mass of colloid.” 

Following the example of thermodynamics, we shall define later 
the colloid potential as a work function and also show its con- 
nection to entropy. 

Spofftaneous dispersion. An imderstanding of the factors 
described in the previous paragraphs, namely, coUoid pressure, 
volume and potential, enables us to explain the phenomenon of 
spontaneous dispersion of liquids. At the plane of contact of 
two immiscible liquids a few minute particles of one of the liquids 
(diameter of the order 1 X 10“* cm.) are generally seen floating 
in the other phase. The dispersion is greatly increased by the 
presence of certain electrolytes and In some cases it becomes so 
intense that an emulsion is produced. This happens, for in- 
stance, when a 5 i>er cent solution of ferric chloride in nitrobenzol 
comes into contact with water; the water enters the nitrobenzol 
in the form of minute droplets which, under a magnification of 
100 diameters, are seen to be in violent movement. If a mem- 
brane of parchment paper be used to separate the two liquids 
water still penetrates into the nitrobenzol building up a certain 
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pressure, as in the ease of osmotic experiments. The emulsion 
thus formed is more stable than that obtained when no membrane 
is used. 

Spontaneous emulsihcation of drops of rancid olive oil in alka- 
Une water solution has been described by Gad (16) . Maday (17) 
has observed the dispersion of oleic acid doatm^ on aqueous 
ammonia. Gad also investigated the best conditions for the 
emulsidcation of oils contaimng fatty acids in aqueous solutions 
of sodium carbonate. The dispersion in these instances has be^ 
ri^tly attributed to the interaction between the fatty acid and 
the alkali, resulting in the formation of soap, which disturbs the 
equilibrium at the interface. According to Freundlich (18): 
“The soap formed at the interface by the interaction of fatty 
acid and alkali strongly depresses the interfacial tension and 
causes the formation of small drops. These drops do not coalesce, 
since the layer of soap at the interface acts as protective colloid. 
Indeed, the adsorbed layer of soap favors every increase in the 
interface; it fixes it, as it were; for the interfacial tension is small, 
and when by mechanical means depressions and contractions of 
form are produced in the liquid to be dispersed, they do not, on 
accoimt of the low tension, disappear again. Indeed, one may, 
with Dorman, assume an influence which actually opposes the 
coalescence of the drops, and even divides them up further.” 

From the point of view of our new colloid Variables, we are 
dealing here with a phenomenon analogous to the boiling of 
liquids. Oltic acid is adsorbed at the water-oil interface and 
exerts a pressure, lowering considerably the mterfacial tension. 
(10). "When it comes into contact with NaOH its potential 
increases, its pressure becomes greater than the interfacial ten- 
sion, and dispersion occurs, just as a liquid boils when its vapor 
pressure becomes greater than the external pressure. 

The energy needed for increasing the pressure of the adsorbed 
molecule is supplied in this case by the reaction between the 
acid and base. A chemical reaction does not seem to be always 
necessary, because in some cases good dispersion is obtained 
with one solute only: e.g., sodium benzoate in nitrobenzol and 
water. The eneigy is then obtained timply by the passage of a 
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substance from one phase into another in which its potential 
energy is smaller. 

It can be readily shown by a rough calculation that the energy 
from the reaction between the fatty acid adsorbed at the inter- 
face and the alkali is sufficient to account for the surface energy 
formed during emulsification. 

The amomt of oleic acid adsorbed per square centimeter of 
surface (in the form of a monomolecular film) is about 1.5 X 
lO-’f gm. When this combines with alkali to form soap it liber- 
ates about 300 ergs of energy, Which is certainly more than the 
surface energy per square centimeter of interface in an emulsion 
(the total surface energy of water is 118 ergs / cm.®' and that of 
nitrobenzol 77 ergs/cm.? (19))- 

The subject is amenable to exact treatment as follows: Let 
the oleic acid be dissolved in nitrobenzol, and let 

El = energy of reaction (HOI) Nb + (NaOH) Aq. 

H heat liberated during spontaneous emulsffication; then 
X, = energy used in surface formation = Ei — H. 

El can be calculated from 
Hi = heat of reaction (H 01)Aq. (Na OH) Aq. 

H* = heat of reaction H 01 + Nb. 

H« = heat of reaction H 01 4- Aq. 
because El = Hi.-f H* — H*. 

dP' 

X, can also be calculated from the formula X, = T’’ which 

corr^ponds to Clapesnxm’s equation for the latent heat of evapo- 
dP' 

ration. — is the change in surface pressure with pH, provided 

ihe latt«r may be taken as a measure of the colloid potential T' 
at the interface. The practical difficulties would probably con- 
sist in determining the extent of surface formed during 
emulsification. 

It should be noted tha>t X., the energy of emulsification in ihe 
preseace of a cofloid, is ^e same as the energy of formation 
of a new surface, which is given by the Kelvin equation, 
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dP 

The fonner corresponds to the total heat of vaporization T - 3 = 

dT 

(vapor), while the latter represents the energy used in the 
formation of a vacuum 

sV being the volume of the vacuum formed and P the external 
pressure. 

TAe colloid engine. The colloid potential T' has already been 
defibned in terms of the expansion of the ideal colloid, just as tem- 
perature is often defined as a function of the expansion of the per- 
fect gas. There is, however, a more satisfactory definition of 
temperature, as a work function: It is possible to obtain work 
whenever a difference in, temperature exists. This is the principle 
on which all heat engines are designed. It can be shown that 
the colloid potential T' may be used as a work function in exactly 
the same manner. The apparatus for measuring surface tension, 
shown in fig. 4. will serve to show the principle of a colloid engine 
which transforms chemical energy into mechanical work, at 
constant temperature, given a difference in colloid potential. 

If the film, of oleic acid on the surface of the water, between 
A and B, has a concentration of one molecule per 40 X 10->* 
cm.*, it exerts a pressure of about 17 d 3 mes/cm. on the float B 
( 11 ). On adding carefully a drop of alkali to the film, or brii^- 
ing over it some ammonia gas, the oleic acid is changed into 
soap and the pH (or — log. H-ion concentration) .of the surface 
rises from 1.3 to 9.5, approximately. At the same time the pres- 
sure P' mcreases from 17 to 44 dynes/ems. which is the surface 
tension lowering due to a saturated film of soap. This, of course, 
is Only a momentary change, because the soap formed soon 
reacts with the acid in the interior of the liquid and the fObn 
returns to its original state. 

The system shown in Figure 4 can therefore be made to work 
as an ei^ine, the strip of aluthihum B, bring the movable piston. 
With every increase in pH (addition of alkali) the pressure P- 
of the fihn increases and the piston is moved from B to a new 
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position C. On removing the source of alkalinity the pH falls 
and the piston resumes its former position. 

This represents a “colloid” engine in its simplest form. In 
order to deduce the efficiency of the above “colloid” engine, we 
may take it through a reversible cycle, by making the external 
pressure on the piston B differ from P' only by an infinitely small 
amount dP, and assunoing the usual Motionless piston and com- 
plete insulation. 



in figure 9 the coordinates represent the pressure arid area of 
the surface solution of oleate we have just considered. The 
curves S', Si', represent adiabatic changes, the film being com- 
pressed or expanded without addition of energy. It is obvious 
that in espanding the film and doing work, the poteEtial, T', 
(or pH), of the oleate molecule will decrease, just as a gas cools 
whm it expands doing work against outside pressure. Any one 
can convince oneself of this fact by blowing air (free from COji) 
throi^b. a soap solution, collecting the foam and comparing its 
pH with that of th.e original solution. Miss E. Laing, has 
measured the increase in acidity quantitatively (20) . 
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Hie curves T' and Ti, axe lines of equal potential, corre- 
sponding to isothermal changes in gases. We now carry the 
film throu^ the following cycle: (a) expansion of surface from 
Ai to A 2 at constant potential (with addition of alkali); (6) 
adiabatic expansion (without addition of alkali) from A 2 to Aj; 
(c) compr^sion from As to A* at constant potential (removal of 
alkali) ;'>(c0 adiabatic compression from As to Ai, back to the 



w ~ ~ — 4 

determined Indicators* 


Fig. 10. •pB. OT 0.3 Fbb Obnt SoLxmoNS CoNTAmora Vabioub Fbopgbtions or 

NA 01 AND H 01 

original state. The work done in this cycle is equal to the area 
ABCD the energy being derived from the transferrence of a 
certain amount of matter from a potential T' to a lower potential 
Ti. By proceeding as in the case of Carnot’s cycle, it can be 
shown that the naaximum efficiency of the above engine is 
T'-T'i 

T ■ ' 

That tins formula agre^ with tire facts, at least qualitatively, 
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will be evident from figures 10 and 11. Figure 10 shows the pH 
of a 0.3 per cent oleate solution, composed of different proportions 
of sodium oleate and oleic acid; Figure 11 represents roughly ^e 
variation of P^, the surface pressure of the oleate solution, with 
change in pH. It can be seen on comparing the two curves that 
by adding to an oleate solution of pH 6.5, one-fifth of its equiva- 
lent of sodium hydroxide, the pH ■will rise to 7.5 and the surface 
pressure from 2.1 to 34 dynes/cm. The same amount of alkali 



(Analogous to elisnge of gas pleasure frith temperature) 

added to an oleate solution of pH 8.0 will increase its pH to 8.8, 
corresponding to an increase in surface pressure of 3.5 dynes 
em. only, ^ce equal quantities of alkali added to the oleate 
solution at pH 6,5, and pH 8.0 represent (very nearly) equal 
mnounts of eneargy, and since the pressure developed is a measure 
of the work obtainable, it follows that, other thinga being equal, 
the ^ciency of the colloid engine is greater when it works at low 
potentiaL 


1 
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CoUoid energy E'. The energy which causes the expansion and 
the pressure in the coUoid system considered above is derived, 
in the Ught of accepted terminology, from the chemical reaction 
NaOH + oleic acid. We may leave it to linguistic experts to 
decide whether or not there are any grounds for speaMng about 
a “chemical change” under colloid conditions, when no crystalline 
compound is present, when the “combination” between NaOH 
and oleic acid takes place in all proportions, and the change in 
properties is a gradual one. It is sufficient to point out that 
Krafift (21) has maintained that in soap solutions oleate radicles 
still exist as oleic acid, basing his opinion on the identity of the 
solidification points of soap sols and of the .corresponding fatty 
acids. The present writer, as already mentioned, would prefer 
to describe colloids as “pfiysical compounds,” seeing that, in the 
case of surface films, for instance, the amount of sodium “com- 
bined” with the oleate radicle has been calculated by means of 
Gibbs’ adsorption formula (22). 

For our purpose all we need to. bear in mind is that colloid 
systems store their, energy not as heat energy, but as electro- 
chemical energy; that a change in colloid volume or pressure will 
be accompanied not hy a thermal effect, but by a “chemical” or 
electrical change. It has already , been mentioned that when a 
soap film is expanded, it becomes more acid. Lord Kelvin (then 
William Thompson) calculated in 1859 that a soap film cools 
when it ^pands (23). Since the system is not “ideally” colloid 
a change in temperature may weU occur, but if so, it is probably 
of secondary importance. Even when the increase in surface 
takes place in pure liquids, as in the spraying of water, electrical 
changes have been observed and measured (24). Again, when 
an ordinary insulating tape, which contains colloid material, is 
quickly unwound in the dark, there is no appreciable heat effect, 
but a distinct fluorescent light is emitted, due no doubt to the 
rapid extension and contraction of the colloid. Many other 
examples could be given showing the occurrence of electrical 
and chemical phenomena caused by sudden changes in the col- 
loid variables P' and V'. 

Conversely, the electrification of a soap or saponin bubble 
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causes an increase in its surface (24a) , while the effect of tempera- 
ture changes is mther insignificant or causes the bubble to break. 
A potential difference across an interface leads to emulsification 
(24b) and chemical energy is transformed into surface energy in 
spontaneous dispersion. 

ColMi Entropy S', Following the example of thermodynamics 
the colloid potential T' has been defined by means of the ideal 
colloid, and also as a work fimction. Colloid entropy, S', like 


J dE^ 

Its 


meaning may be gathered from the following material in quota- 
tion marks. It is a copy of a discussion of mitropy to be found in 
Lewis and Randall's Thermodynamics (1923, p. 114) except 
that a soap fil-m and two “reservoir solutions” at different pH 
have been substituted for Lewis and Randall’s metallic spring 
and their two reservoirs at different temperatures. 

“Wewill choose a standard system composed of a soap film and 
a reservoir of colloid energy. In employing this film-reservoir in 
conjunction with other systems, we are gomg to use t^e film as a 
source of work and the reservoir as a source or sink of colloid 
(electro-chemical) energy. It would be desirable to choose them 
so that the film will undergo no change in colloid potential (pH), 
and the r^ervoir will do no work during the processes we are 
about to consider. 

“If the film is released and by some process gives up a part of 
its to the reservoir in the form of coltoid energy, (e.g., 

transformation of oleic acid into sodium oleate, corresponding 
to an incre^ in pH due to contraction), we might measure the 
extent of this inevMsible process by a pointer and scale attached 
to the film, or by the amoimt of energy given to the reservoir. 
We shall in fact take as the measure of the extent of this standard 
Univer^ process a quantity which is proportional to the energy 
exchange, but not equal to it, for it is necessary to our purpose to 
condder also the coUcod potential of the reservoir. 

“To make this clear, we may consider a film, and two separate 
reservoirs, one at the colloid potential, (pH), T/, and one at the 
tower.colloid potential Tj'. If the film be released and a certain 
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anaoDiitof colloid energy is given to the reservoir at-Ti', and if then 
this same amount of energy is allowed to flow to the other reser- 
voir at T 2 ', this latter is also an irreversible process. The net 
result is the same as if the energy developed by the fihn were 
given at once to the reservoir at lower pH. Now the sum of the 
degradation in two successive irreversible processes must be 
greater than that in either one alone; otherwise our definition 
would not be quantitative. Therefore, if we are to have a genuine 
scale of irreversibility, the transfer of mergy from the film to the 
reservoir at higher pH must be regarded as a less irreversible proc- 
ess than the transfer of the same arnoimt of ^ergy from the 
filtn to the reservoir at lower colloid potential (pH). 

“It will therefore be expedient to define the extent of irreversi- 
bility of our standard process by making it equal not to q, but to 
qV^', where q' is the energy transferred and q'/S' is some quan- 
tity which quantitatively satisfies our definition of colloid poten- 
tial. Moreover when the fxmction is determined, it completes 
the quantitative definition of degradation. Let us consider a 
system composed of an ideal colloid in which, by defiboition 



For such a colloid 

\ iff Jt 

and we see' that at constant volume the pressure is proportional 
to T', hence o' is proportional to T'. This is all that we need to 
know in order to permit the complete identification of the “col- 
loid-dynamic” scale with the ideal colloid scale.” 

In this particular system the transfer of energy is bound up with 
the transfer of ions, but we could construct a system involving 
a transference of electrons only, for instance involving an increase 
in the surface of a soap film on electrification. In that system 
no “matter” in the ordinary sense would pass from the hi^er to 
the lower colloid potential. 

Some people may object to the introduction of several kinds of 
entropy, but Swinburne (26) has pointed out long ago that 
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ordinary thermodynamic entropy is made up of a number of 
different entropies. When a perfect gas expands in vacuum its 
entropy increases and it is only by a stretch of imagination that 
we conceive this .as an increase in heat entropy. Since we speak 
about several t3^es of potential, we must also assume several 
entropies. The second law of thermodynamics, in tbe light of 
this extended entropy principle, is a special case of a more general 
statement, namely; it is impossible to obtain work by tran^erring 
energy from a lower to a higher potenUcd, and is merely the nega- 
tive of the definition of potential which states that “it is pos- 
sible to obtain work by transferring energy from a hi^er to a 
lower potential.” 

Muscular action. The colloid engine enables us to understand 
tire principle of musculm: action. It has often been pointed out, 
that the contraction of a muscle is in some way connected with 
“smfaee” forces. Many theories have been put forward (26), 
but none in a form suitable for exact formulation. Galeotti's 
interpretation of the contraction mechanism as due to changes in 
pH is especially interesting. According to this author (27), 
“the anabolic phenomenon mi^t consist in the formation of an 
organic acid within the contractile elements; the catabolic 
phenomenon in the dissociation of this acid and in the migration 
of the H-ions outside the contractile elements; with this mecha- 
nism the enei^ accumulated dining the integrative period would 
be transformed into work. The H*-ions, diffusing through the 
(feontraetile elements and combining with the OH-ion of the sarco- 
plamna, would produce as heat of neutralization the heat which 
appears during the contraction Of the muscle.” 

If this were true the analogy between the muscle and the 
special type of colloid engine working between different H-ion 
<»moentrations would be complete, but the energy change in 
the active muscle, as Gsdeotti himself points out, must be more 
complex. It is known that lactic acid is formed during contrac- 
tion and tiiat smfaee films of muscle protan contract when the 
H-km concentration increase. Althoi^ Gorter and Grendel (28) 
have found that surface films of muscle protein expand whm allm- 
iine and contiact when acid, Vorzar (29) claiTna that in order to 
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produce artificial muscular contraction the H-ion concentration 
must be increased to pH 3, a much higher acidity than can be 
detected in the normal muscle. This objection, according to 
Meyerhoff, (30), is not valid, the production of lactic acid in the 
muscle being localized so that the reaction of the muscle as a whole 
need not be materially affected. The accurate work of Hill and 
Meyerhoff (30) shows, however, that the energy changes in the 
muscle are derived from the transformation glycogen ^ lactate, 
and not merely from the reaction H + OH (lactic acid ^ lactate) 
which supplies but a fraction of the total energy. 

It should be clearly realized that, for the understanding of the 
dynamic principle of muscular activity, we need not bring into 
discussion the chemical changes which supply the energy, any 
more than we should have to know what fuel is burnt in a loco- 
motive in order to understand the expansion of steam and the 
movement of the piston. A change, ia pH is not essential, either j 
a reversible oxidation-reduction reaction (e.g. glycogen lac- 
tate) can equally well serve as a source of energy. In this case the 
H-ion concentration would still be of great importance, because 
the value of an oxidation-reduction potential depends greatly on 
pH (31) . Furthermore, the working of the muscle is not depend-- 
ent upon “surface” tension or upon the existence of a mono- 
molecular layer. All that need be postulated for a mechanistic 
explanation of muscular action is an oriented arrangement of 
polar molecules, the distance between which is regulated by the 
potential T'. 


THE ADSORPTION EQUATIONS 

In the light of the new colloid variables P', V', T', the adsorp- 
tion equation assumes a simpler and more general form which is, 
in fact, nothing more than the equilibrium equation. 

V dP = V'dP' (i) 

V, V' and P, P' being the specific volumes and pressures of a 
given substance in two different regions. Tbis general relation 
tells us, for instance, how the vapor pressure of a liquid varies witii 
the external pressure, or with the osmotic pressure of the liquid, 
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or with the swelling pressure of a gel, and many other things (see 
section on gfeneralized thermodynamics) . The relation (i) may 
be expressed in the form 


^ _ V C' 
dP “ Y' “ C 


(ii) 


C' and C being the concentrations of the adsorbed substance in 
the surface region and in the bulk of the solution respectively. 
Gibhs’ eqmtion (32) 



(iii) 


is readily obtained from (ii) because 

I = C'; - <= P' and dP = - d<r 


where 5 is the thickness of the surface re^on. 

Thfere are several reasons for preferring equation (ii) to (iii) : 

(a) Gibbs’ equation deals with concentration per square centi- 
meter and with tension per line, while equation (ii) refers to 
conc^tration i)er cc. and to pressure per area, which are more 
readily visualized. 

(b) Gibbs’ equation does not teh us what happens after the 
surface tension has reached its lowest value and we continue to 
iner^ee the concentration of the solution; equation (ii) leads us 
to btiieve that the thickness of the stnface region will change 
under those conditions. 

(c) Gibbs’ equation leads to impossible results when the c 
— C curve has one or more minima, but the new equation can be 
adapted to such cases (see the effect of latent energy, X, below). 
Equation (iii) is gener^y combined with the van’t Hoff or “gas” 
law for dilute solutions PV « ETM or dP = RTdC so that 


^ O do" dor ^ 

^"“RTdO ^“"‘ETdltaC 

Gibbs himself neverused the adsorption equation in this form (33) . 
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The expon&nMtd equations. 1£ we assume the "gas law” at the 
surface region as well as in solution then 

dP = RT dC and dP' =■ R'T'dC' (v) 

Substituting these values of dP and dP' in equation (ii), we 
have 


R'T' 


dC' 


RT 


dC 


or R'T'dlnC' = RTdInC 


(vi) 


which on int^ation {^ves 

R'T'lnC' = RT InC + constant 

If we write X for the constant of integration, we have, 

RT X 

C' = 


(vii) 


(viii) 


X being the energy necessary to transfer one mol of the adsorbed 
substance to the Siurface region; it is a constant at constant T', 
but may- have different values according to the configuration of 
the adsorbed molecules. This, together with the variation of 
T' on dilution, could account for the several minima observed in 
V — C curves (34). 

Introducing the activity coefficient, a, which corrects for di- 
vergence from the gas law, we obtain 


RT X 

C' - 

<£ 


(ix) 


a more general equation than (vui).* 
BoUamann^s distribution law 


0'= Oe®'^ (x) 

Pj 

has been applied by Langmuir (35) to the distribution of mole- 
cules between phases and interfaces, pi wd ps being defined as 
tb.e a priori probcMliMes of the molecules in the two states under 

^ An oYen better formula would be one taking into consideration the influence 
of curvature. 
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coRsideratioR. romuila (x) becomes ideRtical with (ix) wbeR 

R'T' = RT aRd - = 

a' P2 

The adsorptioR equatioR derived from Boltzmarm’s distribu- 
tioR law is free from the objectioRs jjaised to the Gibbs’ equatioR. 
The Rew formula (VIII) is preferable to the BoltzmaRR formula 
because it tells us how the couceRtratioR at the surface chaRges 
with the colloid poteRtial (or pH iR the case of fatty acids). 
This factor maisl be takeR mto cousideratioR, for wheu a solutioR 
of sodium oleate is diluted beyoud a certam poiut its alkalimty 
decreases (pH falls) , aud this greatly affects the adsorptioR. Auy 
equatioR which igRores this chauge m pH caRRot adequately 
represeut the efifect of dilutioR or surface couceatratioR. Nor 
cau it be maiRtamed' that the fatty acids are peculiar m this 
respect: surface active substauces are, par excellence, hydrolyz- 
able compounds and the pH of thdr aqueous solutions changes 
with dilution. Even if the pH were not a variable, e.g. in non- 
aqueous solutions, some other - factor representing the coEoid- 
potential would have to be taken into account. 

FreunMicVa eqvoMon 

1 

O' - a C” 


can be obtsdned from (viii) by assuming R'T'/RT = constant 

X 

= R, and eS’T' = constant = a. We may also mention here 
J. J. Thomsanls formula (36) derived by means of generalized 
dynamics, using tiie Hamiltonian and LagrangiaR functions. 
It has since been deduced thermodynamically by Mtchaelia (37) 
and has the form 


But 


C' ■> Ce 


1 cUr 

■ «RT dC 


1 da- dP' 
S d<y “ dC' 


E'T' 


and the formula reducm to 
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Id the light of (viii) this equation obviously is incomplete, for 
(vffi) would require R'T' to equal RT, and RT to equal X at the 
same time. 

The “gas law” in coUoid systems. Conflicting opinions have 
been expressed recently concerning the validity of the relation 

force X area « constant 

for surface films. Marcelin (38) fotmd this to hold true for oleic 
acid films; Delaplace (39), working with benzyl benzoate films 
even extended the formula to FA = KT. N. K. Adam (40) 
comfioms 'Langmuir’s deduction that FA = RT when the con- 
centration of the substance at the surface is very dilute, but 
iaaintains that the law fails even at moderate concentrations. 

From the point of view of colloid dynamics, very dilute films 
in which the molecules are free to vibrate and possess heat motion 
are of little interest; but the question of the b^sviour of satu- 
rated or nearly saturated surface solutions is of great impbrtance. 
It should be pointed out, however, that for the pOTticular pur- 
pose of testing the gas laws in colloids, a film of fatty acid is a 
very unsuitable system; it corresponds to a gas at very low tem- 
perature, and imder such conditions even permanent gases are 
apt to present anomalies. It has been shown, in fact, by Win- 
disch and Dietrich (41) that dilute solutions of fatty acids may 
be surface active or not, according to conditions. This may 
accoxmt for the difference in the findings of N. K. Adam and of 
Marcelin. 

In order to obtain definite proof whether the ideal gas law can 
be applied to coUoids or not, it is necessary to work with a system 
at high colloid potential: for instance, sodium oleate, instead of 
oleic acid. The gas law states that the pressure of the system is 
directly proportional to (a) the concentration, and (b) the tem- 
perature or potential. The following facts are indicatiqns that 
-in many instances this law appli^ (approximately) to surface 
solutions and gels. 

(i) Freundlich (42) shows that by differentiating his equation 
L ’ ' 

F = AC“ with respect to C, we obtain 
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Time ih Seicohos* 

Fia. 12. VBLoomr of Adsobption of a 0.3 Per Cent Olbatb Solotion 

AT 22“C. 

This, whm ‘substitated in the so-called Gibbs’ equation (iv), 

G' = KC^. In other words the surface pressure F must 
be proportional to tiie surface concentration O'. 
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(ii) The change in the surface pressure of sodium oleate "with 
time can be expressed by the formula 


F 


t F» - P 


» const. 


(xi) 


Foo bemg the maximum effect on the surface.* Differentiating 
with respect to time we have 


dt 


k (1 - F)» 


* Joblin (44) bas investigated tbis phenomenon quantitatively by means 

& 

cajidllary rise measurements aud lias proposed a formula of the type cr =* — , 

t*^ 


of 

in 


which a is a constant. His results, when experimental conditions were such as 
to allow of accurate determinations, fit well with formula (xi) . The capillary rise 
method is not quite suitable for adsorption-time measurements because at usual 
concentration (0.1 per cent) most of the total surface tension lowering takes place 
within the first few seconds, and it is impossible to take readings in that time; 
with dilute solutions (0.001 per cent) on the other hand, long exposures to air are 
apt to modify the surface film. 

The curves shown in figure 12 were obtained by Cofman and Sheely (unpub- 
lished data) by the * 'pressure in bubble*' method. The apparatus used was the 
same as in figure 6, only in place of the bent tube used to measure the foam, a 
short vertical tube was substituted. The glass capillary had a radius of about 

— cm. The air pressure was varied and the time between successive bubbles 
iSUU 

recorded. 

The relation between radius of capillary, pressure, and surface tension of solu- 
tion has been expressed in different ways (45) . One of these is (46) . 




2p r 

IT 


6 P* / 


p being the density of the solution. 

Since in our experiments r « 0.0025 cm. and p was never less than 100 
dynes/cm. the correcting factors containing powers of r are insignificant and 
the formula reduces to 


The sodium oleate solutions at, lower pH were obtained by adding dilute 
hydrochloric acidl The curves with these solutions were not always exactly 
reproducible (see previous reference to surface active and surface inactip fatty 
acids). 
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liepatoff (43) has found for the rate of change of adsorbed snows 
■with time, for various substances, a general relation 


dt ^ 


7 M)*, 


7 being practically unity. This also supports the proportionality 
between concentration of adsorbed substance and colloid pressure. 

(iii) The swdling pressure experiments bring further evidence 
pointing in the same direction. 

(iv) If we measure the colloid potential in terms of pH, It 
appears to be proportional, within limits, to P', as indicated in 
F^ure 11,. provided the number of oleate molecules in a saturated 
film does not vary greatly with the pH. 

All one can say at present, is that there exists some evidence 
in favor of the view that certain colloid systems are governed 
(approxunatdy) by the law P'V' = E'T'. The ideal colloid, 
like the perfect gas, is non-existent. 


COBRELATION OF COLLOID FEOCESSE8 WITH OEDINAET 
PHENOMENA 

I 

Having shown that the new ideas may be used to derive exact 
laws which rule colloid systems, we shall proceed to discuss 
briefly a few other colloid phenomena and their equivalent crys- 
talloid or thermal processes. It will be shown that the new 
concepts throw an interesting li^t on many obscure points, and 
open up new avenues of approach to many fields of inquiry. 

Nemcondxiction. This is not the place for discussing at length 
the physiological aspects of the new theory of colloids, but it 
may be pointed out that from the relations between the variables 
F, V', T', etc. it follows that a compression, or a chemical change, 
or other disturbance at a point in a colloid will cause' a variation 
in pressure and potential.. As Michaud (47) remarls: “one 
can hardly touch a gel without causing a difference in electric 
potenti^” whi(flr can be readily detected with a galvanometer. 
A disturbance p^uced in any manner in a colloid will propagate 
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itself with a vdocity depending on the elasticity and density of 
the medium. Just as in the case of propagation of soimd-waves 


Velocity 




Elasticity 

Density 


(xii) 


K the colloid is “ideal!’ and obeys the gas law PT' = R'T' we 
obtain by differentiating at constant T' 


P' 



Elasticity 


(xiii) 


Remembering that in colloids we must use surface instead of 
volume, we have 

U, tbe ares per unit mass, instead of l/density. 

Therefore 

Velocity of compression waves = %/ P'U. 

Both P' and TJ can be determined directly from measurements on 
surface films. No such determinations have yet been made ap- 
parently for the protein matter of the nerved, but for the pro- 
teins of the rabbit serum we have, from the data of du Noiiy 
(34) P' = 17 dyn^/cm. U = 1.8 X 10* cm.® Therefore 

Velocity = \/ 17 X 1.8 X 10* =» 56 m/sec. approximately. 

It is rmnarkable that the velocity thus calculated is of the same 
order of magnitude as the velocity of propagation of nerve stimuli 
m warm-blooded animals. This good agreement is no doubt 
largely fortuituous, there bdng large uncertainties in our calcu- 
lation: (o) The values of P' and U for the protein matter of 
the nerve may be different from those of the serum, thou^ 
Goiter and Grendel (28) have found the same value for TJ in the 
case of muscle protein; (&) the elasticity In formula (xiii) refers 
to conditions of constant potential. The wave of compression 
is probably an adiabatic phenomenon and a factor must be 
introduced in the calculation to take care of this, but this will not 
affect the order of magnitude of the velocity; (c) the colloid poten- 
tial T' must be taken into consideration. 
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A critical survey of the literature ou nerve conduction would 
fin a volume by itself. The reader may turn for information to 
Cremer (48) and Hallowell Davis’ (49) recent review.. It may 
be mentioned here that it is generally accepted by physiologists 

(50) that the nerve stimulus is propagated, as ‘‘a molecular dis- 
turbance, wave-like in character.' Erlanger, Gasser and Bishop 

(51) by means of their cathode ray oscillograph have photo- 
graphed the wave and shown it to be a potential wave. Suther- 
land (52) proposed the same formula (xii) for the velocity of 
transmission of stimuli, calculating the elasticity from Young’s 
modulus for gels. Broemser (53) starting from quite different' 
premises, reaches a similar formula in which the osmotic pressure 
of the liquid surrounding the nerve takes the place of the elastic- 
ity or the swelling pressure of gel. But we have seen that the 
osmotic pressure is identical with the pressure P' if the colloid is 
impermeable to the crystalloid constituents of the solution, 
which is assumed to be the case in nerves. Consequently the 
experimental support which Broemser brings for formula 
serves to further strengthen formula (xii). 

The semipermeable membrane. Theoretically, a semiperme- 
able membrane is a thin wall separating two phases, allowing 
certain kinds of matter to diffuse through and not allowing others. 
PracticaHy, a semipermeable membrane is a more or less ideal 
colloid (gel) or a rigid system having laige surface, and therefore, 
possessing colloid properties. 

Consider a gelatine gel such as was used in the swelling pressure 
< expmments (fig. 3). If one side of the gel is in contact with a 
sugar solution and the other side with pure water then the gelatine 
acts as a semipermeable membrane. 

* The '*all or none” principle which states that the stimulus traveling along a 
nerve has always the same intensity^ is sometimes assumed to contradict the 
wave theory of transmission. In reality it is not incompatible with it, but re- 
quires additional hypotheses to account for the supply of energy on the way. A 
careful survey of the evidence in favor of the **all or none” principle shows that 
it is far from being completely verified. Many of the experiments which were 
originally supposed to prove this principle were shown by subsequent investi- 
gators to have been wrongly interpreted (54) . At the present time the only sup- 
port for the “all or none” principle, to the exclusion of all former “proofs” 
is that supplied by the exi)eriments of Davis and his cb-workers (54). 
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The immediate mechanism of semipermeability is here easily 
understood. The gelatin next to the sugar solution loses more 
water than that in contact with pure water. (Fig. 13). The 
swelling pressure in the membrane is therefore greater at A then 
at B and water flows from B to A. In consequence, water passes 
from the pure liquid to the solution. At equilibrium the sugar 
solution will be at a uniform pressure Pi, the water at another 
uniform pressure Pj. In the colloid region (membrane) the 
pressure will vary from Pi' at A, to P 2 ' at B. It is the rigidity of 
the colloid membrane allowing such a difference of pressure to 
exist in the colloid region which malies possible the measurement 
of osmotic pressure. What is measured in osmotic cells is not 
the osmotic pressure, but this difference in colloid pressure on the 



Fici. 13. Action of a Gelatins Gel as a Semi-pebmeable Membrane 

two sides of the membrane. Only when none of the solute par- 
ticles pass throu^, which is seldom the case, is the difference in 
colloid pressure at A and B equal to the osmotic pressure. In the 
above experiment, where the semipeimeable membranp is an 
elastic gd, the difference in pressure on its opposite sides is 
brou^t about by a change in the concentration of the colloid. 
If the semipeimeable membrane is rigid, (e.g., ferrocyanide 
membrane) no change in concentration can occur The colloid 
potential T' or some other factor on which colloid pressure de- 
pKids must then be different at A and B, in order to produce the 
necessary differmce in pressure. , 

Electro-osmosis and “thermo-osmosis.’^ An obvious instance, 
where the difference in pressure on the opposite sides of the semi- 
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permeable membrane is caused by a difference in colloid poten- 
tial, is dectro-osmosis. 

We have seen that the colloid potential depends on the electro- 
chemical potential; an applied emi. will, as a rule, produce a 
difference in colloid potential. This in turn will cause a differ- 
ence in pressure on the two sides of the colloid region and liquid 
will flow across the membrane. 

In order to fix our ideas, let the semipermeable membrane 
consist of a gel of sodium oleate, firmly fixed in a tube so that its 
volume cannot change (fig. 14), If a sufficiently high ejn.f. 
is applied, alkali will be liberated on that side of the membrane 

EusxTRO-OaMosis 
‘^snonric Tunw* ** 


3.ofkl. 

HCl 

forniwC- 








Fi<3. M. Elbcxbo-osmosis 

facing the positive pole and acid on the opposite side (65) . The 
swelling pressure P' will increase on the alkaline side (higher col- 
loid potential) and wifi decrease on the alcid side, thus producii^ 
the necessary conditions for osmotic flow.® 

An ahalogy with a crystalloid system will make the matter 
clear. Suppose that a sugar solution is divided by a semiper- 
meable membrane into two compartments, maintained at differ- 
ent temperaturas. The osmotic pressure will be greater on the 
warmer side (P oo T) and pure solvent will flow from the cold to 

* In a gdatine gel water will flow from the positiTe to the negative side or vice- 

Y6rsa^ aeoordmg tlie geUtiiie is pn tlie acid or on the alkaline side of the pH< 



COLLOID DYNAMICS 


37 


the wann section. This is clearly the thermodynamic equivalent 
of electro-osmosis and might be termed thermo-osmosis.'' 

Stream potenMoL apd stream temperature” If we reverse the 
procedure in the above experiment, that is, if the temperature in 
the two compartments is equal to begin with, and pure solvent is 
caused to flow across the semipermeable membrane by applying 
pressure on one side, then a difference in temperature will develop. 
This is accounted for in terms of “heat of dilution” : we may call 
it “stream temperature,” to conform with the name applied to 
the same phenomenon in colloid systems: the difference in col- 
loid potential produced on the two sides of the membrane, meas- 
ured as an electrical potential difference is called “stream 
potential.” 

Electrophoresis and thermo-phoresis” When colloid particles 
are placed in a non-uniform electric field, they acquire, in general, 
a different colloid potential at front and rear and move according 
to circumstances, eitib.er with or agaiMt the impressed electric 
field. For reasons given in the paragraph on “imperfect colloids,” 
it is not easy to give a simple colloid-dynamic interpretation 
of this- phenomenon. However, even here it is possible to draw 
attention to an equivalent thermodynamic phenomenon: 

A li^t body whose opposite sides are at different temperatures 
will move one way or Hie other. Ihis happens for instance to 
the vanes in Crook's radiometer. The conditions in the two 
instances are not identical, but it is possible to construct an even 
closer emalogy: Consider a small amoimt cff sugar solution en- 
closed in a semi-permeable membrane. A temperature gradient 
in the surrounding liquid will set such a system in motion because, 
as in themo-osmosis, water will penetrate at one end and be 
eliminated at the other. 

The opposite phenomenon, namely the existence of a difference 
in temperature between the front and rear of an object moving 
in a gas or liquid, can hardly be doubted. The movement of a 

^ Ib Soxet's experiments— in the ab^nce of a semipermeable membrane— -a 
difierence in temperature produced differences in the concentration of the solute 
present in solution. tCh. Soret: Ann. Obim. Phys., 22> 293 (1881); J. van't Hoff: 
Zt, Phys. Chem., 1, 487 (1887)]. 
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body produces compression abead and rarefaction behind, and 
this must give rise to opposite temperature effects. 

The colloid dynamic phenomenon that corresponds to the last 
mentioned thennodynamic effect is the potential difference due 
to falling particles. 

The imperfect colloids. The new variables have not yet been 
applied to the subject of lyophobic colloids (such as gold sols) . 
Th^e systems may be described as “imperfect’’ colloids and are 
subject to more complicated changes. Ihey can be compared 
with vapors as contrasted to permanent gases. A vapor, in a 
vacuous enclosure provided with a movable side, is an extremely 
unstable system: a slight change in temperature or pressure may 
cause the formation of a mist, or complete liquefaction (large 
decrease in volume), 

Lyophobic colloids similarly are very sensitive to sli^t dmnges 
in the conditions of the dispersing medium. A trace of electro- 
lyte may cause partial or complete precipitation of a suspension 
(large decrease in smface, or colloid volume). 

The water-vapor analogy can be carried yet further: The 
presence of a permanent gas in an enclosure “stabilizes” the vapor. 
For instance, consider a cylinder provided with a movable pis- 
ton, and which contains air mixed with water vapor in contact 
with liquid water. It is possible for the cylinder to contain water 
vapor imder conditions of temperature and pressure which would 
condense pure water vapor. In the same way, a lyophilic (per- 
manent) colloid may stabilize a lyophobic system. 

The laws which d^ne imperfect colloid systems are naturally 
more complex than those which apply to permanent or ideal 
colloids. It is perhaps because most of the work on coUoids has 
dealt with those difficult systems, that the simple laws of coUoid 
dynamics have for so long escaped detection. 

One oiher factor complicates lyophobic systems, namely, 
the curvature of the surface, which apparently has an influence 
similar to that of gravitation in ordinary systems. For instance, 
any particle floating on the surface of water in a beaker is “at- 
tracted” towards the greater curvature near the edge, if only 
it approaches close enough to the sides of the beaker. The con- 
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centration of an adsorbed substance is also greater in the curved 
region. This is indicated by the following experiment which 
incidentally demonstrates the reversibility of the adsorption 
phenomenon. K a little foam (obtained by blowing air through 
a capillary into sodium oleate solution) is placed on the surface 
of pure water, it breaks immediately; if placed on soap solution of 
concentration greater than 0.02 per cent (at pH 10) the foam lasts 
a long time, but when the soap concentration is decreased, a 
point is reached when the bubbles on the flat portion of the sur- 
face break immediately while those near the edge persist. 

Many of the considerations in the last sections are of a qualita- 
tive nature only, and must await quantitative confirmation. In 
view of thdr simplicity and symmetry the writer is confident that 
quantitative proof will be forthcoming and possibly in some eases 
can be obtained from existing data. It is pertinent to remark 
that one of the most widely quoted surface “laws,” the Gibbs’ 
equation, has had so far only semi-quantitative confirmation 
(33). 

Extensive use has been made above of the analogy between 
colloid and crystalloid or thermal systems. Analogies are often 
deceptive and the fact that in this instance it has been possible 
to carry them so far without coming across obvious incompati- 
bilities, leads one to suspect that there is some “natural law” 
which causes the variables P' V' T to behave in the same manner 
as P V T etc. This point of view will be further enlarged in 
the next section on generalized thermodynamics. 

GBNSBALIZEID THDBMODTKAUICS 

Consider Gibbs’ fimdamental equation (56) 

dB » TdS - PdV -f- FadMa (i) 

Ma and Fn stand for different kmds of substances and their 
corresponding “partial molal free energies.” Althou^ d£ has 
no subscript it also stands for various kinds of energy; similarly 
P.and V may represent either the pressure and volume of gas, or 
osinotic pressure and ite corresponding volume. We have seen. 
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too, tliat there are several T’s and S’s therefore we may write 
formula (i) more consistently 

dE„ - TndSn - PadVn + F„6Mn (u) 

where n stands for any number of variables of the same type 
For instance Mn may represent the mass of gas, colloid, elec- 
trons, etc.; Pa may refer to gas pressure, colloid pressure, osmotic 
pressure, electromotive force, and so on. 

The practical value of this scheme is best shown by an example: 
We may express a large number of apparently unrelated physical 
^'laws’’ by simply combining the gas law PV = RT with the 
general equilibrium condition 

PxdVa - lydv, 

where x and y refer to different types of systems (deetronic, 
molecular, macroscopic) . For instance : 

Vapor pressure and total pressure on the liquid 

^ or (VdP)i = (VdP), 


Vapor presmre and osmotic pressure. The osmotic pressure 
Po corresponds to a decrease in ihtemal pressure of liquid Pii 
therefore 

. - dPo = dPi 

Now, 

- Po - ^ 1»Pt 4- const. or - dPo = dPi = ^ ^ 

Vi Vi Pv 

hence 

<VdP)i - (VdP)v 

Vapor pressure and srwfMng pressure of gels. The fonnula is 
identical with that for osmotic pressure (67). 

The adsorption formula 


ETdC 
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has already been shown to be a special case of (V<iP)i = (VdP) 
surface. 

Nemst’s eguaMonfor electromotive force. In a cell with a hydro- 
gen electrode the relation between e.za.f . and gas pressure is 

"RT PT 

E - Eo + ^«P or Pr.dE - dP or (Fr.dE) - (VdP)|„ 

Ur ' P 

Here Fr. stands for one Faraday of electricity and, in this formula, 
it is apparently a volume and not a quantity factor. 

Atmospheric pressure and aUiiude (h) 

^ or - VdP = gdh or (PdV) ■= (gdh) 

In the same way the Clape 3 rron equation, the Gibbs-Hdm- 
holtz equation for the temperature coefficient of e.m.f., the Hich- 
ardson thermionic equation (58), and the equation giving the 
latent energy of emulsification, can all be expressed by the gen- 
eral formula 



X being latrait energy. 

No doubt the time is not distant when all physical laws will 
be conveniently tabulated in groups instead of being expressed 
in many different ways, as it is now the custom. 

Formula (ii) also throws li^t on the 3rd law of thermodynamics. 
Hie total entropy of a system will be zero only when dU its 
potentials, not temperature alone, become zero. If any kind of 
difference of potential exists at the absolute zero of temperature 
the equalization of that potential difference will cause an "in- 
crease in entropy.” 

Entropy and time. One of the chief drawbacks of theimody- 
namics has been its ne^ect of the time variable. This may be 
readily overcome by multiplying the left side of the equation (ii) 

with t standing torUme. In the equations that follow we shall, 

for convenience, drop the n’s. We have 
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dE/dt, which we shall denote henceforth by X, is a ‘‘power” 
function. Equating (iii) to zero, we obtain 

(RdM - PdV) + (Tds - Xdt) - O (iv) 

This is a symmetrical equation, with time as a variable. The 
first thing to be noted is that the relation between entropy and 
time corresponds to that between mass and volume: entropy 
extends in time, jvst as mass extends in space. The events which 
compose our four^dtimensiortal world can he separaied into a space 
component {maMer), and. a time-component (entropy). 

A little reflection wiU show that, looked at in this way, the 
concept of entropy becomes more rational and easy to grasp, 
and fits m with all that is known about it. Entropy is always 
associated with an eoeni, extending in time. The attempt to 
associate entropy vsdth a body, or ssrstem, is responsible for the • 
great difficulties which still surroimd that subject. The entropy 
of a system has been expressed in terms of the logarithm of 
probability. It may be possible to express the mass of an hour 
of time at a given place, in terms of the logarithm of probability, 
but such a concept would not be a simple one. 

The entropy of the world is constant. This is a restatement of 
the 2nd law of thermodynamics in a new and preferable form — 
placing it in the same cat^ory as the first law — ^the conservation 
of energy. Naturally, moving along the time axis we come across 
more and more entropy in the same way as we encoimter more 
and more matter as we move along in space. At a given time 
there are places in the world where there is no matter, and equally, 
at a given jfiace there are times at which there is no entropy: 
the system in that ^ace is at rest. 

Jjwing and lifeless systems. The great value of equation (iv) 
lies in its simplicity and s3mQmetry, which should prove valuable 
in deducing new relations. among its constituent variables. In 
the first place, it supplies a simple thermodsmamic distinction 
between animate and inanimate processes. 

When dealing with inanimate systems, provided we know the 
ttsual variables involved, it is poi^ible to predict what will take 
place. An entropy-time curve, showing the amount of entropy 
in each unit of time, may then be plotted in advance. 
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The curve AC (fig. 15) may represent, for instance, the entropy- 
time curve of a simple chemical reaction, and the irregular line 
DEFGH (or rather the area under it) may tell us the bdiaviour^ 
of a more complicated system. It may be said in such instances 
that erOropy is fixed in time or at least its position is determinable 
■with our present l imi ted knowledge. Their counterpart is a 
material system at equilibrium in space. But, as we know, 



matter can change its position in space luid the question arises, 
what would happen if entropy changed its position in time? 
Obviously, if entropy were shifted along the time axis, removed 
from one moment and heaped on to another, then the course of 
events would be changed. 

Consider, for instance, a watch: The gradual unwinding of 
its spring duriii^ a period of time, say 24 hours, is an irreversible 
event with which is associated a definite amount of entropy. let 
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the horizontal line BEL (fig. l6) represent the distribution of 
entropy in time when the watch is left by itself. If at a mpruent, 
K, the watch is stopped by an external agency, it comes instantly 
to equilibrium and the entropy change falls to zero. At another 
moment, N, one may set the watch-spring loose, so that the whole 
of its energy is liberated at once. The entropy of the event will 
at that instance jump up (NFP) and then quickly fall to zero as 
the energy is dissipated into heat. 



I^G. 16 . Entkopt-ximb Diaqbau fob a Waxcs SpBma, as Apfbctbb by 

Exxbbnai. FoBcras 

In the event just considered the distribution of entropy m time 
was changed by the intervention of external forces. Suppose, 
however, that the movement of entropy were to take place in 
an isolated S3^tem. Such a system could defer its movement 
and its action and b^ave in an entirely erratic manner, judged 
from the poiat of view of ordinary inanimate systems, in which 
entropy is fiixed in rime. It wovM he said to possess Ufe.^ 

If a catalyst w^ present in the syston imdergoing the chemical 
diar^e whose entropy is reprireented by area under the curve AC 

* 'Ficm ilw p8ycbol<^oal anzle, memory aad foresight are in some way eoh- 
neoted with the movanent of tlm Ufe /unction along ti» time axis and should be 
oMBapatS^ with sueh a system. 
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(fig. 15), then the rate of reaction would be increased. The 
entropy-time distribution would be expressed by the steeper 
curve BT, instead of the curve AC. The areas under the two 
curves denote the total entropy of the reaction and are therefore 
equal; only the distribution of entropy in time is changed by 
the presence of catalyst. A system containing catalysts or 
enzymes appears to be iutermediate between living and lifeless; 
its entropy may be considered to move in a simple manner. The 
increase in the rate of reaction can be taken (imder given con- 
ditions) as a measure of the “activity” or mass of active catalyst 
present. This would be expected from the symmetry of equation 
(iv) since we know that (under given conditions) the change of 
matter in time and space is a function of the entropy (As). 

Going one step further, it may be assumed that the more 
complicated shifting of entropy along the time axis, whidi dis- 
tinguishes living systems, is also predictable in tenns of a func- 
tion Mx, which has the dimension of mass, but is not matter in 
the ordinary sense of the word. The practical aspect of this 
reasoning lies in the suggestion of a quantitative measure of the 
life factor. Life may be measured quantitatively by its effect on 
the entropy of a system. In two systems otherwise identical, 
but one containing life llie entropy-time distribution will differ 
and from this difference the amount of “life” may be deduced. 
The subject is evidently one for experimental investigation. 
For simple changes which take place in the presence of both liv- 
ing and lifeless organic matter, e.g., yeast fermentation or lique- 
faction of gelatine by bacteria, some data beariog on this point 
should not be difficult to obtain. Even in hi^er animals if the 
nerve of one limb were severed or anaesthesized and the other 
not, the difference in the entropy-time distribution for the two 
limbs would give an indication of the amount of “life” trans- 
mitted by the intact nerve. Blood circulation would have to 
be prevented and other precautions taken to keep the conditions 
of the two limbs identical, except for the nerve impulse recdved 
by the one and not by the other. This method would not work 
if the reactions which supply muscular energy were of an “ex- 
plosive” nature, as it has sometimes been su^ested. The method 
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presupposes that the reactions are reversible, which is very likely, 
from what we know of the transformation glycogen ^ lactate. 

It is not within the province of thermo-dynamics, or generalized 
dynamics, to give a “mechanical” interpretation of the variables 
involved in its formulae. Nevertheless, those who like to have 
a pictorial representation of abstract factors, and who wish to 
speculate as to the, possible “nature” of the life function, M* 
jBnd the following passage from Eddington’s Mathematical 
Theory of Relativity, of interest. “A particle of matter is a 
structure whose linear extension is time-like. We might per- 
haps imagine an analogous structure ranged along a space-hke 
track. That would be an attempt to picture a particle traveling 
with a velocity greater than that of light; but since the structure 
would differ fundamentally from matter as known to us, there 
seems no reason to think that it would be recognized by us as a 
particle of matter, even if its existence were possible. For a 
suitable chosen observer a space-like track can lie wholly in an 
instantaneous space. The structure would mdst along a line in 
space at one moment; at preceding and succeeding moments, it 
would be non-existent. Such instantaneous intrusions must 
profoimdly modify the continuity of evolution from past to fu- 
ture. In default of any evidence of these space-like particles, we 
shall assume that they are impossible structures (59).” 

In our daily experimice, is there indeed default of “structures” 
not recognized by us as matter, “instantaneous intrusions non- 
eadsting at preceding and succeedii^ moments, which pro- 
foundly modify the continuity of evolution from past to future”? 

“Bist du beschrankt, dass neues Wort dich stort? 

Wilist du nur horeu, was du schon gehort? 

Dich stSre nichts, wie es auch weiter kliuge,** 

Schon langst gewohnt der wunderbarsten Dinge” 

--Goethe^s ^Taust” (pt. II, Dark Gallery Scene). 

ACB2?0WDBDGMI5N1B — ^AND AN APOLOGY 

Tie writer wishes to thank Mr. J. R. Powell, Assistant General 
Manager, Armour and Company 31st Street Auxili^es, for 
pennission to publish some of the results of work carried out in 
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the Armour Research Laboratory. H,e is greatly indebted to 
Prof. W. P. Davey, of The Pennsylvania State College, without 
whose prompting this article would not have been written. 

An apology is undoubtedly due to the reader. The writer feels 
that he has covered rather hastily a large im^plored region, and 
has often ventured into strange fields with many pitfalls await- 
ing him; in consequence, his views are probably not entirely free 
from CTTors. The only excuse he can off«: for this recklessness 
is that he has always tried to submit his deduction to experi- 
mental proof and that the method used requires intrinsically 
few arbitral^ assumptions; moreover, if there be serious mis- 
takes in his deductions, the writer feels confident that, in view of 
the fact that he is not yet an authority, they will not be accepted 
as gospel truth, but will be exposed forthwith, as a warning to 
all rash theorizers thereafter. 
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• EECENT ADVANCES IN THE DETERMINATION OF 
THE STRUCTURE OP PROTEINS 

EMIL KLARMANN 

Plattt Research LtAoraiory of Lehn & Fink, Inc., Bloomfield, New Jersey 
UTOKODtTCTION 

In reviewing the development of the methods of reseaxch in 
experimental sciences and their theoretical foimdations, we may 
observe generally that the way in which the contemporary in- 
vestigator establidies or attempts to establish a scientific truth 
is often somewhat different from thiat of the scientist of several 
generations ago. Physics illustrates in the most distinct maimer 
the conception of the working hypothesis now and some time ago. 
In considering the idea of a working hypothesis one realizes that 
every t3pe of research is connected in a more or less fundamental 
jnanner with the concept of a working hypothesis. We expect 
from a working hypothesis that it permits a combination and 
correlation of facts ■vyhich have been previously established in a 
c^ain realm, but at the same time it must indicate ways how 
and where to obtain more facts which would make the paj^cular 
realm most complete and clear. 

In trying to reach this goal one may encounter new experi- 
mental evidence which strengthms the foimdation of the workup 
hypothms and raises it to the status of a theory. The latter 
may then serve as a firm basis from which more detailed in- 
vestigation is xmdertaken in different directions. On the other 
hand one possibly meets with expmmental evidence which does 
not fit into the general scheme of the worldng h3pothesis; and 
when the disagreeing facts are placed in a sufficiently strong 
position by rejieated confirmation, the inv^tig^tor is bound to 
abandon the first hypothesis and must endeavor to find a new 
one which serves his purpose better. As a rule he attempts, to 

51 



52 


EMIL ELAEMANN 


do this as qiiickly as possible in order to have at his disposal a 
guiding principle for new research work. 

One is used to the idea that in experimental sciences the theory 
is formed in most cases in a deductive way. A great number of 
known phenomena is gathered and a mutual relation -is discovered. 
This is as a rule accomplished by one individual of great intuitive 
ability. In most cases he is in a position to immediately secure 
experimental corroboration if necessary. Thus a new theory is 
usually based in most cases on a number of well known facts. 
Naturally this statement does not hold sway in all cases. It 
certainly does not apply to philosophy.^ Likewise it is not to be 
applied to some findings in natural sciences, particularly physics 
and chemistry, when these findings have been obtained in a 
purely speculative way. It sufGlces to point to the atom theory 
of Democritus and to the large share of scientific truth it contains, 
in order to realize that inductive speculation always has its 
justification and that intuitive investigators foresee things, the 
experimental corroboration of which may come centuries later. 
But we wi^ to exclude these singular instances from our con- 
siderations now and mtum to the scientist who builds his theories 
on experimental foundations and obtains the confirmation of his 
assumptions from experimental evidence. 

And here in an ever increa^g number of cases we see that the 
scientist proceeds not in a deductive but rather in an axiomatic 
manner. He does not summarize large scientific evidence. He 
has only little evidence at his disposal which in itself would not 
fill the entire volume of a theory. He therefore produces a 
postulate including in it the little experimental evidence he 
posse^^ and proceeding in an inductive manner he develops it 
into a theory and tries to devise methods and ways for the 
deciding experimental test. Inv^1%atora in other fidds may 
realize that the idea contains something fundamental and they 
apply it, again pcmbly in an ariomatic manner, to their par- 
ticular problems; this procedure may prove the value of the idea 
as a workir® hypothesis but it may also contribute to the strength- 
doing of the foimdation of the origu^ theory. It is obvious 
that the postulate plays an extiemely important part in a modem 
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theory. It is sufl&cient to refer to Planck’s qiiantum theory or to 
Einstein’s theory of relativity in order to illustrate the above 
contention. 

The reference to theories of physics in a paper on a chemical 
topic is made because the examples cited are particularly striking. 
Without dwelling upon problems of physical chemistry, we 
proceed immediately to organic chemistry some phases of which 
commence to bear resemblance to the axiomatic methods of 
physics. 

The development of organic chemistry of natural products is a 
classic example of deductive work. The scientist always at- 
tempted to obtain an analysis of the compound under investiga- 
tion. He tried to get complete information on its constituents and 
then to build up the same origmal compoimd with laboratory 
means and methods. . The synthesis was the confirmation of the 
analysis and the solution of the problem. Many compounds were 
thus investigated and their constitution determined. But there is 
still a great munber of substances which are being investigated 
at the present time in a different manner. Amoi^ these is the 
large group of proteins and their derivatives. In order to obtain 
information on these compounds, scientists do much work on so 
called models which to our mind represent nothing else but 
axioms stating that a given structure is postulated for a certain 
chemical individual or group. In some cases the experimental 
evidence for an assumed model structure is very small. On the 
other hand we observe that theories are utilized which were 
originally devised for different realms of chemistry. All this 
points to the fact that changed tactics .are being adopted in 
organic chemistry for the elucidation of the structure of com- 
pounds occurring in nature. As in physics, nature is called upon 
to corroborate assumed structures, the most important criterion 
in the case of proteins being fumi^ed by their biological be- 
havior, e.g., their reaction with enzymes. 

One reason may be ^ven for this changed attitude of the 
natural sciences. The phenomena with which the scientist deals 
become more and more complicated. In many cases the methods 
prove to be entirely too crude to aid the investigator in ilie 
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elucidation of the unquestionably very fine complexity. It is 
therefore this lack of adequate methods which prevents him from 
proeeedmg in a deductive manner. It is sufficient to mention 
the entirely different methods used in the experiments of WiE- 
statter and collaborators for the separation of enzymes to make 
one realize that deductive work alone, based on older methods 
cannot at present help in solving our problems. This kind of 
work also calls for a better basic knowledge of the far reachiag 
problem of valence which, as it appears, is extremely diflficult to 
treat from one unitary viewpoint. 

This introduction is pven in order to show the difficulties which 
some organic chemists are facing today and to point out that 
these difficulties seem to be typical of science of our age. It looks 
as thou^ the broadening of our knowledge of certain important 
natural phenomena does not proceed very quickly because the 
number of subordinate phenomena which can be investigated by 
older methods based on older conceptions is being exhausted. 
The axiomatic procedure in establishing a working hypothesis is 
on the other hand not economic since too many probabilities must 
be taken into consideration before one is established as a cer- 
tainty by experiment. The necessity aris^ of inventing new 
standard methods that woxild allow the chemist to resume the 
deductive work. This we believe is the safest and most economic 
way of producing new working hypotheses. It is needless to 
emphasize that these remarks do not refer to organic chemistry 
as a whole but rather to a limited number of investigations. The 
latter, howeva:, are resided as symptomatic. It is expected 
that the presentation of the e^erimental facts in this paper will 
make the axiomatic tendency distinctly visible which in organic 
chemistry pervades also the determination of the structure of 
the proteins. 

ALIPHATIC AJNTD CYCLIC COMPOUNDS AMONG THE PEODUCTS OP 
PBOTBIN DEGEADATION 

Ee^areh in the composition of proteins has begun rather early. 
IMfferent protens were subjected to different treatments and the 
inv^tigatbr attempted to obtain information on the original 
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material by studying its cleavage products. These early iu- 
vestigations, some of which possess immediate interest with view 
to modem protein research, helped to build firm analytical 
foundations. The real research into the stmcture of proteins 
starts with the establishment of the CO-NH— linkage as 
characteristic for proteins, pronounced nearly simultaneously by 
F. Hofmeister and E. Fischer. The numerous papers' which were 
published, particularly by E. Fischer and his coworkers, prove 
that an immense variety of compounds was conceivable and was 
actually prepared on the basis of this theory. The origiaal 
assumption wes that the amino acids, which were regarded as the 
components of the proteins, are combined with each other by this 
CO-NH-bond in a strai^t chain. Thus the variety of proteins 
was explained by the great number of possible combinations of 
the various amino acids in the polypeptides and by the length of 
the chain of connected amino acids. These conceptions were 
encouraged by the fact that combinations of hi^ molecular 
wei^t were made accessible — a very high molecular weight was 
generally attributed to the proteios — and that particularly hi^er 
polypeptides gave reactions resembling those of the proteins. 
Some of them show a characteristic behavior on salting out and 
give the typical color reactions. Moreover a direct ei 5 )erimental 
corroboration was obtained by the direct isolation of peptides 
from products of hydrolysis of proteins and by the proof that 
synthetically prepared peptides were split by proteolytic enzymes. 
The action of enzymes always was and still is regarded as the 
most senative criterion in tibe determination of protan structures. 

It was, therefore, an interesting task to attempt the preparation 
of polypeptides with as many amino acids as possible in order to 
closely approach the tentative structure of the proteins. E. 
. Fischer’s (1) peptide with ei^teen and E. Abderhalden’s (2) 
peptide with nineteen ammo acids are steps undertaken in this 
direction. 

It is not intended to dwell upon this well known peptide theory; 
it is sufiicient to point to its extreme usefulness. In spite of t^ 
variety of possible combinations, the idea that ultimately pro- 
teins are composed of substances of a comparatively simple 
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structure was agreeable since it tended to satisfy tbe scientific 
desire of simplification. 

However, it -syas well known that tbe cleavage of proteins by 
cbemical means or by peptic and tryptic enzymes has often 
yielded compoimds which were of cyclic structxire and not strai^t 
pol 3 rpeptide chains. The pertaining observations were made very 
early and refer to the occurrence of 2,5-dioxopiperazines among 
the products of protein degradation. These 2 , 5-dioxopiperazines 
are composed of two amino acids; their simplest representative 
is glycine anhydride of the formula: 


00— CH» 

/ \ 


HN NH 


\ / 


CHs— CO 


The two ammo acids may be ihe same or different. They also 
may differ in their spatial configuration, thus making a great 
variety of these cyclic compounds i)ossible. Among the di- 
oxopiperazines the 3,6-diisobutyl-2,5-dioxopiperazine (leucine 
imide, leucine anhydride) was observed as early as 1849 by Bopp 
(E). Bopp digested casein with 25 per cent sulfuric acid for a 
day and allowed a portion of the syrup to stand for 2 months. 
He knew that the product obtained was a leucine derivative, but 
the exact formula was determined ’later by Erlenmeyer (4). 
Hlasivetz and Habenhann (5) found the compound upon treat- 
ment under pressure of protdns with bromine in the presence of 
water, while R. Cohn obtained it on heating casein with con- 
centrated hydrochloric acid (6) . 

Of course leucine imide is not the only dioxopiperazine found 
among the products of protein degradation. The mixed an- 
hydrides which were foimd by E. Fischer and E. Abderhalden 

(7) were advanced as extremely important evidence in favor of 
the peptide theory of the prot^s. Among these are the methyl 
dioxopiperazine (alanyl-glycine anhydride) and the glycyl-1- 
tyioaine anhydride from silk, glycyl-l-leucine anhydride from 
elasdn. drlsoleucyl-drvaline anhydride was isolated by Dakin 

(8) from cas^ The same author obtained hydroxyprolyl- 
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proline anhydride from gelatin (9) which possesses an interesting 
structure since it contains three rings: 



In reviewing the work that was done on the isolation of di- 
oxopiparazines, it is always necessary to consider the methods 
which were used in the individual cases for thdr isolation in 
order to be able to judge whethra: the particular cyclic compound 
was preformed in the protein or whether a secondary formation of 
this heterocyclic structure out of an fJiphatio one is possible. 
In pointing to this question we are entering into the last phase of 
the development of the ideas of the structure of the proteins. 

Although dioxopiperazines were obtained from proteins com- 
paratively early, no systematic aipeiiments were carried out 
auning at their establishment as elementary nudei of the protein 
structure. The polypeptide theory was so well supported that 
there was no need for the present for considering any such possi- 
bilities. , It was thou^t that continued r^arch along the lines 
of the polypeptide theory would allow to gradually elucidate the 
protean problem. On the other hand the possibility of the occur- 
rence of preformed dioxopiperazines was not disregarded (10). 
This is shown best by a statement of E. Fischer, parts of which 
read in free traialation as follows: 

I wish to emphasize that the suudc amide bond does not represent 
the only pKissible linkage within the protein molecule. On the contrary 
the occurrence of piperazine rings is rather probable. .... The nu- 
merous hydrosyl groups of hydroxyainino adds are by no means to be 
r^arded as inert. By intramoleo^r formation of anhydrides they 
could be transformed into etiber and ester groups and tibe varidy would 
increase still more when (me conddeie the polyamino acids as probable 



58 


BMIIi KLASMANN 


constituents of proteins. There is no reason for a further extension of 
these considerations, but I deemed it necessary to point to the various 
possibilities in order to discourage too onesided ideas which would im- 
pede the prepress of exp^imental research. 

NEW CONCEPTIONS OP VAIiENCE AND THEIE APPLICATION TO 
PROTEIN STBTTCTTORE 

But it was soon realized tHat the assumption of polypeptide 
linkages as the basic linkages of protein structmre was not sufficient. 
Still the degradation of proteins did not yet justify the assump- 
tion of other f omoations. An impulse to pursue the problem in a 
different direction was given by the brilliant researches of Prings- 
heim, Herzog, Hess, Karrer and others in the domain of carbo- 
hydrates. These investigations revealed that the colloid carbo- 
hydrates are not necessarily built up of complicated original 
compoimds which are connected by ordinary valencies. Thus the 
idea made headway that similar conditions mi^t prevail in the 
proteins. The protein chemists began to regard the proteins and 
thdr first degradation products, the peptones and albumoses as 
mi^ures of a number of polypeptides. Similarly Siegfried’s 
k 3 nrines could be identified by Levene and coworkers in some 
instances as mixtures of polyjieptides (11). 

This phase of research is extremely important for the chemistry 
of proteins. The assumption was made that the regular valencies 
do not suffice, that we have to deal with associations, aggrega- 
tions and polymerizations (12). Already in 1901 Hossel antici- 
pated that the assumption of ordinary valence linkages would 
not suffice, in advancing the contention that proteins are partic- 
ularly inclined to formation of mixed crystals and so called solid 
solutions. The forces by which the inffividual elementary com- 
plexes are mutually attracted are of an electric nature, but we 
have at present no means for their characterization. In com- 
paring this valence energy with the classical one we are imable to 
visualize either its capacity or its intensity factors. Therefore 
new information in th^ realm is obtained accidentally when a 
compound is prepared which diows a tendency of formation of 
a^p^ted complexes. But with few very special exceptions we 
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have no means to predict what simple structme is liable to form 
protein-like aggregates and jnst what is the constitution of these 
associated compounds. These conceptions of aggregation are not 
limited to the peptides but are applied equally to the cyclic 
structure of the proteius. 

THE THEORIES OF CYCLIC STRUCTURE OF PROTEINS 

1. The pyrrole theory 

The researches on polysaccharides not only helped in pro- 
ducing new conceptions regarding the forces of attraction between 
the individual primary complexes but they also fertilized the 
structural ideas themselves. Several theories were submitted 
nearly simultaneously, regarding the possible cyclic structure of 
proteins. N. Troensegaard regards proteins as consisting of 
pyrrole derivatives. The ideas that the elementary units of 
proteins are dioxopiperazines in addition to polypeptides is 
advocated particularly by E. Abderhalden. Other ring systems 
are also to be taken into consideration. Thus Earrer discusses 
the possibility of the pyrazine, imidazolone, oxazole and metoxa- 
zine oxazoline rings, while in Bergmann’s theory oxazoline rings, 
ester peptides and recently a particular type of polymer dioxo- 
piperazines play an important r61e. An imusual type of anhy- 
dride structure is suggested by Ssadikow and Zelinsky (14) but 
their suggestion is not supported by satisfactory experimental 
evidmice. 

It was known that proteins furnish pyrroles upon dry distilla- 
tion and p3aTole derivatives are found among the amino acids, 
the primary components of the protrins (proline, hydroxyproline). 
Troens^aard (16) assumes, however, that the pyrrole structure is 
more frequent and occurs to a larger extent. He investigated the 
gliadin of wheat, casein, gelatin and blood protrins. In order to 
avoid a hydrolysis of proteins in the presence of water, the pro- 
teins were treated in non aqueous solutions. First an acetylation 
of the protein was carried out, then the acetyhited protein was 
reduced with metallic sodium and amyl sdcohol. With special 
methods a separation into several basic and acid fractions is 
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^ected, most of which possess heterocyclic character and more 
specifically pyrrole structure. Troensegaard contends that the 
assumption of the CO-NH— linkage alone is insuflicient. 
Neither the CO nor the NH group reacts with methyl iodide while 
all fractions of his protein cleavage combine with a large number 
of methyl groups. Thus the correctness of the polypeptide 
theory of the protems must be doubted. Wbenever polypeptides 
are found among the degradation products of proteins, it must be 
assumed that they are formed in a secondary manner by hy- 
drolysis of pyrrolidone or pyrrolone (keto p3rrrole) rings. Accord- 
ing to Troensegaard the dioxopiperazine theory can be only 
partly correct on the following grounds. Dioxopiperaziaes yield 
oxygen free piperazines when subjected to reduction with sodium 
and alcohol. However, only a very small fraction of oxy^n free 
products could be isolated by Troensegaard. 

H. D. Dakin (16) also ascribes a more prominent position to 
the pyrrole derivatives, since comparatively large amounts of 
proline and hydroxyproline may be obtained from gdiatin by 
extraction. Another interesting corroboration, — but based more 
on circumstantial evidence — of an extensive occurrence of 
pyrrole compounds in gelatin is advanced by E. Komm (17). 
This auriior fintfe that the reaction between tryptophane and 
aldehydes which may be foUpwed up colorimetricaUy, is promoted 
by the presence of amino acids which ^ntain pyrrole nuclei. 
By comparing this with the accelerating action of hydrolyzed 
gelatin he concludes that approdmately 26 per cent of proliue 
+ hydrosyproline must be present in it which agrees very satis- 
factorily with Dakin’s figure (14.1 per cent hydroxyproline 
+ 9.6 per cent proline = 23.6 per cent). On the other hand the 
accelerating action of untreated gelatin is much more pronounced 
and would correspond to a content of 74 per cent of pyrrole nuclei. 
It is therefore suggested that labile pyrrole nuclei actually occur 
in gelatin but are destroyed by acid or alkaline hydrolysis. Only 
the comparatively r^istant proline and hydroxyproline remain 
intact. It is important that Troensegaard’s “proteols” from 
g^a^ show a strongly accelm'ating iofiuence on the tryptophane 
alde^de reaction. 
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Althou^ the pyrrole rmg is assumed as the fundamental 
element of protdns, yet there is not sufficient evidence as to the 
composition of the mdividual fractions. N. Troensegaard and 
Eug. Fischer (18) isolated an acid from gliadin for which the 
following two formulas are su^sted: 
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In addition biological tests were carried out and it was found 
that substances resulting from the reduction of acetylated protmns 
axe more or less poisonous, lowing an ‘‘alkaloid’-Uke behavior. 

It is natural that more mdividual compounds of defined con- 
stitution will have to be isolated and more synthetic and en- 
zymatic work done before Troensegaard’s theory is accepted. 


Considerable work has been done on ilie dioxopiperazine theory 
of the proteins. It was mentioned before that homolog dioxo- 
piperazines were repeatedly isolated from degradation products 
of proteins. They were also the object of thorough synthetic 
work. It is perhaps desirable to 'mmition some of the more 
important researches carried out on dioxopiperazines. Their 
formation from esters of amino acids was first observed by Curtius 
and Goebel (20). E. Fischer iised this method exten^vely and 
studied the transformation of dioxopiperazines into dip^tides. 
The preparation of ^y<qrl-^ycme from ^ycine anhy(Mde by the 
action of alkali is a clasdcal example of preparation of a simple 
; dipeptide. Numerous papers on the preparation of N, N -diajyl- 
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2j5-dioxopiperazmes were publidied by Bischoff, Widmaim, 
Abenius and collaborators (21). With view to recent attempts 
(22) to isolate Highar oxidation stages (tetraoxopiperazine) it 
may be pointed to related experiments with N,N'-diphenyl 
2,5-dioxopiperazme. This compound gives 1 ,4-dipheayl-2- 
oxopiperazine when reduced with zinc dust and sulfuric acid in 
facial acetic acid. The latter gives on treatment with CrOs 
in glacial acetic acid l,4-diphenyl-2, S-dioxopiperazine, and this is 
oxidizable to N,N'-diphenyltetraoxopiperazine (23). The con- 
stitution of 2,5-dioxopiperazmes (24) was corroborated both 
by their oxidation and reduction. Thus F. Mylius (25) obtained 
dimethyl oxamide on oxidation of sarcosine anhydride 
(N, N^-dimethyl dioxopiperazine) with potassium permanganate, 
while E. Hoyer (26) prepared dimethyl piperazine by the reduc- 
tion of alanine anhydride. Cohn (27) reduced leucine imide and 
observed the formation of 2,6-dibutyl piperazine. The few 
references represent only a part of the older literature on the 
subject of dioxoinperazines. 

The question of primary occurrence of dioxopiperazines was 
raised a^iln by E. Abderhalden and K. Funk (28). The possi- 
bility of the occurrence in sUk fibroin of polymerization products 
of a dipeptide from alanine and ^ycme or the r^pective anhydride 
was discussed by R. Brill (29) on the basis of RSntgen spectro- 
grams obtained with tilk fibroin and by R. 0. Herzog and M. 
Kobe! (30). It was mentioned before that the occurrence of 
small elementary complexes connected by forces different from 
the ordinary valency was discussed by several authors. Syste- 
matic e:3q)enments aiming at the establitimxent of dioxopiperazine 
structure in proteins were undertaken by E. Abderhalden and his 
collaborators. Methods were devised to attack the problem 
simultaneotffily from several points. We here wish to give a 
logical mther than a chronolo^cal presentation, of the methods 
applied and the results obtained. It tiiould be only pointed out 
that the first report of an attempt at the isolation of dioxopipera- 
zines from proteins by means of additive compounds and the report 
of a chemical identification of a piperazine derivative obtained 
from a protmn was given by E. Abderhalden in 1923 (31) . 
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It was very important to obtain more information on the direct 
isolation of dioxopiperazines from proteins first in order to 
subject as large a number of proteins as possible to this investi- 
gation and secondly to seciure the widest variety possible of 
dioxopiperazines from native proteins. As a rule the general 
methods used were similar in all cases. The protein ,was partly 
hydrolyzed, the product of hydroly^ concentrated in a vacumn 
and afterwards extracted with various solvents (ethyl acetate, 
methyl alcohol, acetone, chloroform, ether).. The extraction 
with ethyl acetate gave particularly favorable results. Thus a 
large munber of new and known dioxopiperazines was isolated. 

The investigations of E. Abderhalden and coworkers show 
that extreme care is required in drawing conclusions from the 
results obtained. The utmost att.ention must be paid to the 
method of hydrolysis of the prot^ and it must be ascertained 
that the method of treatment does not include a possibility of 
producing anhydrides out of aliphatic peptides. In the latter 
case the results could be regarded as indicative of the occurrence 
of a certain dipeptide combination of two amino acids but would 
not give any evidence as to the occurrence of preformed di- 
oxopiperazines. 

It is not intended to give a list of anhydrides which were 
isolated by the methods described above. It ^ould be mentioned 
that while in some cases the anhydrides must have been present 
in a preformed state, in other cases the possibility of. a secondary 
formation cannot be disregarded. This has been riiown clearly 
first by S. S. Grave, J. T. W. Marshall and H. W. EckweilCT 
(33), then by P. Brigl (34) and finally by E. Abderhalden and 
E. Komm (36). Thus leucyl-leucine is transformed into leucine 
anhydride when heated with water to 200° with a yield of more 
than 90 per cent of the theory. Glycyl-glycine is transformed 
into glycine anhydride (2,5-dioxopiperarine) when heated with 
0.5 per cent h 3 rdrochloric acid xmder pressure at hi^er tempera- 
tures. Other dipeptides show a similar behavior giving anhy- 
drides on heating with water imder pressure. Some dipeptides 
(e.g., jdycyl-tSTOsme) are decomposed by thm treatment. Tri- 
and tetrapeptid^ form anhydrides consisting of two ammo acids 
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while the amino acids themselves do not give dioxopiperazines 
under these circumstances or only traces. Thus in judging whether 
dioxopiperazines are preformed in the proteins studied, we have 
to exclude all cases where the original method of hydrolysis might 
have promoted this secondary fohnation of dioxopiperazines 
from polypeptides, i.e., all investigations where heating with 
water or weak acids under pressure or even under reflux was 
used, or where an opportunity of formation of ester peptides 
was given, which s>s it is well known are readily transformed into 
dio«?piperaziaes. Treating pol 3 rpeptides with 70 per cent 
sulfuric or with concentrated hydrochloric acid does not lead to 
dioxopiperazines. However, this relation between acid concen- 
tration and formation of anhydrides from peptides must be paid 
further attention, in consid^ation of the experiments of Hohler 
(36) who showed that leucine anhydride is obtained from leucine 
on heating to 220° in the presence of HCl gas and those of E. 
Abderhalden and K. Em^ (2$) who observed the formation of a 
sm£^ quantity of leu(^i-^ycme anhydride on treating leucyl 
^ycine with 25 per cent sulphuric acid for 16 hours. 

Howevmr, there is evidence that dioxopiperazines exist in a 
preformed state, having been extracted from proteins which were 
eleayed by enzymes or by concentrated acids. Salaskin (37) 
obtained kudne asnhydride by the action of gastric juice on 
oxyhemoi^obin and subsequent extraction with ethyl acetate. 
When edestin was decomposed by pancreatin and the dry residue 
extracted with ether ^ycyl prohne anhydride was isolated (38): 

/ \ 

N NH 

H,C CH— CO 

1 •' 

HaC ^OHa 

The same anhydride was obtained previoudy from gelatin 
by Ijevene and coworkers (30). But the value of this finding 
with reference to our consideration is diminished by the fact 
timt gda& is not a natural protdn and that hydrolysis under 
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pressure and at a temperature is employed in the manu- 
facture of this product. Leucine imide was also obtained from 
the product of tryptic cleavage of ^din. In addition a com- 
poimd was isolated whidx seems to be an anh 3 rdride of leucine 
and glutamic acid, for which the following formulas are su^ested : 


CH, • COOH 


CH, CO— NH CH, 

! / \ / 


CH CH.CH,.CH 


\ / 


NH— CO 


\ 

CH, 


COOH 


/ 


CH, 


CO-NH.CH.CHi.CH 

1 . \ 

CH-NH CH, 


CH, 


CH, 
CO— J 


This agrees with a compound obtained synthetically by Abder- 
balden and Bossner. 

A direct hydrolysis of casern with concentrated hydrochloric 
acid (without esterification) and with subsequ^t extraction 
yielded leucine anhydride (28). d-Valyl-l-leucine anhydride was 
obtained from casein by boiling with 5 and 10 per cent sulfuric 
acid and subsequent extraction of the dried product (42). 

CH, 

/ 

CO— CH.CH. 

/ \ \ 

HN NH CH, 

\ / 

CH— CO 

1 

CH, 

1 

CH 

/\ 

CH, CH, 


It is improbable that this procedure ^ould have led to a secondary 
formation of the anhydride. 

It is interesting that some dioxopipera^es are rather resistant 
to acids. (Their bda'^r toward alkalis will be dealt with latmr.) 
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E. Fischer (43) found that leucine anhydride dissolves easily in 
concentrated acids without decomposition. The ring is split 
only on prolonged heating. Thus in order to obtain leucyl- 
leucine the anhydride is heated in a sealed tube with hydro- 
bromic acid (aqueous solution saturated at 0°) at 100° for | hour. 
Unfortunately the methods used in most of the experiments 
aiTTiiTig at the hydrol3;rsis of proteins, do not exclude the possibility 
of a secondary formation of anhydrides. They are interesting 
only from the standpoint of possible dipeptide combinations; 
actually a great variety of such new combinations was observed 
by E. Abderhalden and E. Eomm (44) in experiments ^hich were 
originally intended to adduce evidence for the occurrence of 
preformed dioxopiperazines in dMerent proteins. 

In discusdng the isolation of dioxopiperazines from products 
of enzymatic cleavage, attention should be paid to the work of 
S. Frankel (41a) who reports the secondary formation of anhy- 
drides of amino acids which are regarded as true acid anhydrides 
and not as dioxopiperazines. 

Experiments were also carried out niTning at the isolation of 
dioxopiperazines by combination with certain reagents.* Al- 
thou^ no definite compounds with dioxopiperazines could be 
isolated from hydrolyzed silk fibroin either by application of 
reagents which were to combine with the CO group or by those 
attacking the NH group (dinitrodilorobenzene) the investigations 
along these lines may still be successful, when a more specific 
reagent is found. The action of naphthalene suUochloride on silk 
peptone was previously studied by E. Abderhalden and K. 
Funk (46). 

The results obtained by Abderhalden and Stix (45) seemed to 
indirectly support the dioxopiperazine theory for the following 
reason. Ihe NHs group and the NH group of dioxopiperazines 
are capable of reacting with dinitrochlorobenzene, while the 
NH- group of polypeptides is not. The authors found that the 
amount of dinitrochlorobenzene which entered into reaction- with 
sOk peptone was much larger than would be expected from the 
number of free NH* groups. 

It is to be pointed in this connection to a paper by M. 
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Liidtke (47) in wMeli the reaction between an ammo acidan- 
hydride and phenyl isocyanate with formation of a substi- 
tuted urea is described (48) : , 


2 C,HiJCO + HN 


CHE— CO 

/ \ 


\ / 

CO— CHE 


NH -♦ C,HOTCO • N 


CH,E— CO 

/ \ 


N ■ CONH . CA 


\ / 

CO-CHE 


No information is available as yet as to the applicability of this 
reagent for the isolation of dioxopiperazmes from proteins. 
A paper by Bergmann and Zervas (49) of recent date considers 
the possibility of application of aldehydes for the isolation of 
definite hi^er molecular compounds. 

Although the previous experiments encouraged the conception 
of dioxopiperazine structure, the study of the reduction and 
oxidation of proteins contributed the more substantial results. 
Regardless of how dioxopiperazines mi^t be combined with each 
other or with amino acids and polypeptides respectively, it was 
possible that a reduction which prevents the splitting of di- 
oxopiperazines might produce volatile piperazines which could 
be driven out by steam distillation and identified in the dis- 
tillate. This is actually the case and the formation of homolog 
piperazines from proteins is a strong point in favor of the di- 
oxopiperazine theory. The first pertaining experiment was 
carried out by E. Abderhalden and W. Stix (50), who subjected 
alk peptcme to reduction with metallic sodium and amyl alcohol. 
The distillate obtained gave tlie typical reactions of piperazines. 
The yield was smidl. But this does not indicate that dioxopipera- 
zines are present in a small proportion since the direct treatment 
of dioxopiperazines in a similar manner leads to very small 
yields |of piperazines. This is evidently due to the low resist- 
ance of dioxopiperazines; apparently the aldohol and sodium 
or sodium alcoholate respectively effect cleavage to a great 
extent, while only a small portion is reduced. 

At the same time experiments were carried out on the reduction 
of a number of synthetic dioxopiperazmes. Thus methyl pipera- 
zine was prepared from alanyl ^ycine anhydride; this compound 


!» 
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was of particular interest since the presence of the corresponding 
anhydride was assumed in silk fibroin. E. Abderhalden, E. 
Klannann and E. Schwab subjected ^ycine anhydride and 
leucyl glycine anhydride to reduction and obtained the respective 
piperajrfnes (61). E. Abderhalden and E. Schwab (62) pro- 
duced from silk peptone in addition to the methyl piperazine 
previously obtained the 3-methyl-6-hydroxymethyl piperazine 
corresponding with alanyl-serine anhydride: 


CH, 


OH— CH, 


/ 

HN 

\ 


\ 

NH 


CH,— CH • CHjOH 


and a piperazine derived from four molecules of amino acids 
(two molecules of glycine, one of alanine and one of tyrosine). 
The latter compound was interesting since it did not give Millon’s 
reaction in sjnte of the presence of tyrosine. However it was 
shown that the substituted piperazine resulting from tih.e reduc- 
tion of tyrosine anhydride likewise fails to give Millon’s reaction. 
This points to the fact that the preseice of the piperazine nucleus 
interferes with this test. 

Thesame authors reduced directly untreated gdatinwith sodium 
and alcohol (ethyl or amyl) and by using phenyl isocytmate for 
the separation of the individual fractions isolated piperazines 
which are derived from hydroxyproline ^ycine anhydride (I) and 
proline leucine anhydride (II) respectively: 


CHr— CH, 

/ \ 

HN N— CH, 

\ / 

CH,-^CH 
I 

CHi, CHOH 


CH, 

^H . CH, . CH— CH, 

CH, HN<^ ^N— CH, 

CH,— CH 

CH, — CH, 


!• 


n 


This experunent is however not convincing, since a sdsondary 
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formation of dioxopiperazines in gelatin is possible ■with view to 
the methods used in its preparation (53). 

The behavior of amino acids and polypeptides in the presence 
of reducing agents of the type described was likewise studied and 
it was found that in no case the formation of a piperazine takes 
place. On reduction of • dipeptides the formation of amino 
alcohols with partial deamination is observed. Thus the reduc- 
tion of leucyl-^ycine leads to 7 -methyl-a!-hydroxymethyl butyl- 
amine (leucinol) : 

CH, 

^CH-CHj.CH.CHjOH 



At the same time caproic acid forms (54). Upon reduction of 
d,l-alanyl-glycine a-hydroxymethylethylamine (I) and propionic 
acid were obtained, while glycyl-glycine yielded hydroxyethyl- 
amine (II). 

CH, . CH . CH,OH CH, . CH,OH 

II. 

NH, NH, 

(I) • (ID 

E. Abderhalden and coworkers also took the possibility of 
primary occurrence of piperazine nuclei into consideration 
and synthesized a considerable number of piperazine-amino- 
acid compounds. These experiments will be dealt ■with later in 
connection with the other studies on modd compounds. 

The formation of piperazine from proteins upon reduction 
certainly points to the probability of the primary occurrence of 
dioxopiperazines. Abderhalden and coworkers carried out 
another series of experiments aiming at the establishment of their 
presence in proteins by oxidation methods. Their results were 
corroborated by those of S. Goldschmidt and Ch. Stdgerwald. 

The use of the oxidation method is also based upon a different 
behavior of peptides, amino acids and dioxopiperazines to 
oxidizing agents. Oxidations Of proteins with various oxidizing 
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agents were carried out in the past. The results of Loew (35) and 
Kutscher and Schenk (56) are particularly interesting. These 
authors found oxamide and oxaminic acid among the products of 
oxidation of proteins with potassium permanganate. F. Mylius’ 
oxidation of sarcosine anhydride was mentioned before. In 
order to ascertain whether these oxidation products were indica- 
tive of a particular structure E. Abderhalden with E. Klarmann 
and E. Komm (57) subjected dipeptides, their corresponding 
anhydrides and silk peptone to oxidation. Zinc permanganate 
was used which is more convenient than the potassium salt. 

All dioxopiperazines yielded oxamide. The dipeptides were 
decomposed with the exception of glycyl-glycine which also 
yielded .oxamide. Ih the case of, the simplest dioxopiperazine the 
oxidation takes place according to the equation 

NH NHs 

/ \ / 

00 OH, CO 

1 I +60 I + 2 COj + H,0 

H,C CO CO 

\ / \ 

NH NH, 

Similarly the oxidation of glycyl-glycine is represented by the 
equation: 

NH, NH, 

I + 60 — * I 

CH, . CO • NH . CH, • COOH CO • CO • NH, 

It was shown later by E. Abderhalden and E. Komm (58) that 
oxamide is obtained also oh oxidation of polypeptides which 
contain the glycyl-glycine group. All the other polypeptides 
did not give oxamide on oxidation, while all amino acid anhy- 
drides (dioxopiperazines) and their 0,0'— or N,N'- substituted 
derivatives ^dlded oxamide in a satisfactory quantity. 

This method was also used in the oxidation of proteins. Some 
proteins are very difficultly attacked by permanganate. But 
oxamide was obtained from gelatin, blood globulin, egg albumen 
•and casdnogen (Hamnoarsteh) in addition to the ^ peptone 
previously mentioned. 
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It may be added in this connection that oxamide results also 
on oxidation with hydrogen peroxide. 

The espeiiments of S. Goldschmidt and Ch. Steigerwald 
• (59) belong in this group. The authors realized that only 
mild methods should be used in the experiments aiming at the 
elucidation of the structure of the protein molecule. They foimd 
that proteins are attacked by alkali hypobromite at different 
proteios react with varying amounts of hypobromite during the 
same length of time. Thus a series of titration curves may be 
obtained, each being characteristic of a given protein. The age 
of a protem solution is discernible by means of the titration 
curve, freshly prepared solutions of some proteins absorbing more 
hypobromite than older ones. It is assumed that the NH— 
group is attacked by hypobromite according to the equation: 

—CO • NH . CH<^-» CO • NBrCH<^ — CON : C<^ CONH, + OC<^ 

On the other hand it was foimd that it is not theNH — group 
of peptides which reacts in this manner, since g)ycyl-^ycine is 
completely split by hypobromite ^vii^ ammonia and oxalic 
acid. The probable course of this reaction is the following one: 

HOOC . CH, . NH . CO • CH, • NH. HOOC ■ CH, - NH . CO • CN 
HOOC • CH, • NH, + NH, + (COOH), 

However, dioxopiperazines react with hypobromite. From 
glycine anhydride 4-imidazolone-2-carboxylic acid is obtained in 
a 20 per cent yield; it is extremely sensitive toward alkalis. 

N 

/ \ 

00 C . COOH 

I • 1 

H,C NH 

Alanine anhydride shows the same behavior. It is concluded 
from the analogy of behavior of dioxopiperazines and the pro- 
teins, that it is- Very probably the dioxopiperazme ring in the 
proteins that reacts with hypobromite. 
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Finally it should be pointed to a paper by Z. Stary (60) who 
studied the action of' bromine in glacial acetic acid and of hy- 
drogen peroxide in a 4N solution of sulfuric acid on human hair 
and the enzyme action (trypsin) on the resulting degradation 
products. He mentions that the primary existence of dioxo- 
piperazine nuclei is to be taken into consideration which sub- 
sequently under the influence of splitting agents form polypep- 
tides. 

Thus the oxidation experiments also suggest the primary occur- 
rence of dioxopiperazines in proteins. It should, however, be 
kept in mind that oxamide^ the formation of which is the criterion 
of most of the oxidation experiments is also produced on oxidation 
of some polypeptides, although of a highly specific class. It 
would be interesting to carry out oxidations of proteins which 
contain only little glycine in order to exclude the possibility of 
the interference by the presence of glycyl glycine. The estab- 
lishing of a qu^tity of oxamide larger than would correspond 
to the amount of glycine present in the protein, would show 
more convincingly that preformed dioxopiperazmes are present. 
However, it must not be disregarded that comparatively few 
oxidation experiments were carried out on heterocyclic com- 
pounds and that oxamide might possibly be formed by oxidation 
of ring compounds different from dioxopiperazines. 

Another series of experiments aiming at the comparative 
investigation of dioxopiperazines, peptides, amino acids and 
proteins or their cleavage products respectively, includes the 
application of color reabtions which would be specific for one 
class but would not be given by other classes. It is perhaps 
useful to mention in this connection that group distinction in 
protein chemistry by means of color reactions is well known and 
extensively applied. Thus ninhydrine (triketohydrindene hy- 
drate) gives color reactions on heating with amino acids, peptones 
and soluble proteins. On the other hand the biuret reaction is 
^ven by protenis, some higher peptides and peptones but not by 
amino acids. ' (It is not important that it is given by amino acid 
amides, since one do^ not take their occurrence in proteins into 
consideration.) Both reagents do not give any reaction with 
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dioxopiperazines. On the other hand precipitated moist copper 
oxide reacts readily with amino acids, and peptides but not with 
dioxopiperaziaes. The combination of the three tests is utilized 
for a qualitative analysis of a protein compoimd. But it is not 
suited for the determination of the occurrence of a dioxopiperazine 
in a protein. 

E. Abderhalden and coworkers started a search for reagents 
which would be more or less specific for dioxopiperazines. Par- 
ticularly aromatic nitro compounds (carbonyl reagents) were 
foimd to ^ve characteristic reactions with dioxopiperazines. In 
order to carry out the reaction the reagent and sodium carbonate 
(in one case sodium alcoholate) is added to the tested solution and 
boiled for a short time. The foUowing reagents wem suggested 
out of a number of polynitro derivatives: picric acid, m-dinitro- 
benzene, 1,3,5-dinitrobeuzoic acid, m-dinitrostilbene. 

Picric acid was used oripnally by Jaffe as reagent for creatinine 
(61). T. Sasaki showed that amino acid anhydrides which 
contain glycine as a constituent also give a positive reaction. 
However, a number of different compounds,, e.g., hydantoins, 
^ucose, malonic ester, acetic ester also give a positive reaction. 
H. A. Dox (63) showed that the same reaction is givmi by bar- 
bituric acid, but it is negative with mono-: or diaJkyl barbituric 
acids. E. Abderhalden realized that the reaction is not ab- 
solutely specific, hut most of the above named cases could be 
excluded, since the occurrence of these compounds in proteins is 
hi^y improbable. He therefore investigated systematically 
in collaboration with E. Komm and E. Schwab (64) a considerable 
number of amino acid anhydrides and found that all with the 
exception of 1-leucyl-d-leucine anhydride gave a positive reaction 
with picric acid and sodium carbonate. No amino acid, poly- 
peptide or biogenic amine, but all peptones and the majority of 
proteins gave a jwsitive reaction. It is contended that the 
negative reaction with some of the proteins is due to their in- 
solubility, although some of them contain reacting groups as 
shown by their behaviour toward m-dinitrobenzene, the reagent 
of V. Bitt6. 
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Similar results were obtained with m-dinitrobenzene. All 
amino acid anhydrides gave a positive reaction, sunilarly all 
peptones and proteins, e.g., silk peptone, plant casein, blood 
globulin, keratin, ricin, legumin, vitellin, gelatin. Neither 
amino acids nor peptides give the reaction. 1-Leucyl-d-leucine 
anhydride also gives a negative reaction. The authors prefer 
this reagent to picric acid, since a much more distinct change of 
color is observed and the reaction takes place more readily. 

It is important to note that compounds which are regarded 
as N,N'- substituted dioxopiperazines give positive color re- 
actions, while the reactions of the 0,0'— substituted derivatives 
are negative. 

The results obtained with 1,3,5-dinitrobenzoic acid are largely 
the same. However, some irregularities were observed. Thus 
it was found that cystine, cysteine, diglycyl-cystine, diglycyl- 
piperazine and dialanyl-piperazine gave positive reactions with 
m-dinitrobenzoic acid although they do not contain the dioxo- 
piperazine ring. m-Dinitrostilbene (^,4) behaves like the other 
reagents except that no reaction is obtained with cysteine, cystine 
or its derivatives. On the other hand a few’proteins which gave 
positive reaction with the other reagents give a negative reaction 
here, e.g., plant casein or egg albumen. 

These color reactions represent in spite of their not entirely 
specific nature another support of the dioxbpiperazine theory. 
.Mthough for themselves they ^yould not be absolutely conclusive 
yet in conjimction with the direct isolation of anhydrides, and 
the products isolated from the oxidation and reduction of proteins 
they contribute to the strengthening of the dioxopiperazine 
theory. 

It must not be disregarded, however, that the color tests when 
carried out in a modified maimer according to Brand and Sand- 
berg (65) fail to ^ve positive results with proteins, while a 
positive reaction is obtained with ordinary carbonyl compounds 
and dioxopiperazines using the same method. This means 
possibly that the short heating with sodium carbonate solution as 
required in Abderhalden's specifications of the method first 
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loosens the combination of the dioxopiperazines with some other 
compounds before the free dioxopiperazine is able to give the 
positive color reaction. 

It is obvious that the investigator attempts to synthesize the 
compounds which he determines in the natural products. This 
is particularly important here. It is true that there is con- 
siderable evidence for the existence of preformed dioxopiperazines 
in proteins. But after all they represent only small complexes. 
Where is the connection with the compoxmds of hi^ molecular 
weight? 

It was mentioned before that, on the basis of the polyp^tide 
theory, attempts were made to arrive at compounds of hi^ 
molecular weight similar to proteins by connecting individual 
amino acids to long chains.. Similarly, Abderhalden attempted 
first to prepare compounds condsting of dioxopiperazines and 
amino acids, in order to realize a possibility of connecting a 
munber of dioxopiperazines with each other. While E. Fischer’s 
method of building long polypeptide chains is comparatively 
simple, no such method could be devised here. It is necessary 
that much more information be gathered on the chemical prop- 
erties of dioxopiperazines, before this problem can be succesrfully 
handled. On the other hand it does not further the cause of' 
science when hypotheses are advanced involving forces of attrac- 
tion which we cannot clearly deal with. Such hypotheses are not 
justified unless all means of experimental approach have been 
exhausted and the investigator realizes that he is confronted with 
entu^ly unlmown conditions. Although it is impossible at the 
present time to make any statements with reference , to the 
problem of valence within the proton molecule on the basis of 
analytical research, one may say safely that there is still a con- 
siderable amount of exporimental work to be done and there is 
no reason except the stfil disputable x-ray evidence why a careful 
study of compounds with true chemical linkages should not be 
carried out. 

Of course such synthetic compounds are tentative models. 
There is experimental evidence for the existence of amino acid 
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anhydrides containing more than two amino acids, but the 
structural formula attributed to them is a prqbable and not an 
established one. Some of these compounds which were isolated 
from native proteins and their tentative formulas shall be given 
as examples : a compound consisting of three molecules of 1-proline 
( 66) with the tentative formula: 


HaC CHa 

1 ! 

CHa CHa HaC CH • COOH 

1 I \/ 

CHa CH . CO . NH . CHa • CO • N 

\ / 

N 

I 

CO . 


yCH — CHa 
HN<( I 
^CHf-CHa 


an anhydride consisting of two molecules of 1-proline, one mole- 
cule of hydroxyproline and one molecule of glycine: 


HO-HC- 


-CHa 


HaO CH-CO-NH-CHa-CO 

V 


CHa— CH 

\ 


N- 


. / 

CHa— CHa 


N 

/ \ 

-OC . EC CHa 


CHaC Ha 


Both were obtained from keratin (goose feathers). From casein 
an anhydride was produced consisting of one molecule of 
d-alanine, one molecule of 1-leucine and one of l-proline (67) for 
which the following formulas are suggested: 
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HN 


CHs CEi CHa 

CH,— CH, 

CH— CO 

CH, CH, . < 

/ 

\ / 

r N— OC . CH CHa 

N 

\ / \ / 

1 

CO— CH NH 

CO 

CHa 

1 

CH-NH- 

1 

CH 

OT, 

/ \ 



/ 


CH, 


OH, 


CH, 


CH, 


-CO 


It was mentioned before that the presence, in silk fibroin of 
an anhydride containing two molecules of glycine, one molecule 
of d-alanine and one of l-tyrosine is assumed by Abderhalden 
and Schwab (52). 


CH, 


nH, 

HO • C A • CH, . CH . CO • N . n' 


CH— CO 

/ \ 


\ / 

CO-CH, 


N-OC-CHi-NH, 


The number of compounds of this type is much larger (68) but 
ihe few examples cited, suffice to produce an idea as to the 
assumed nature of combinations of dioxopiperazanes and amino 
acids. 

It is noteworthy that upon addition of alkali the amount of 
NH*-— nitrogen increases, thus indicatin® that the ring is opened 
on one side by this treatment. 

All these compounds were found in native protdns. On the 
other hand the problem was apjaroached also synthetically. 
The first methods used resembled those of £. Fischer for the 
preparation of polypeptides. The direct condensation with 
halogen acyl halides and subsequent amination did not lead to 
the desired products. E. AbderhaldeDt and E. Klarmaim found 
that when water is excluded a condensation may take place at a 
higher temperature with . formation, 'of the corresponding di- 
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(halogen acyl)-dioxopiperazines. Thus chloroacetyl chloride re- 
acts at 160° with glycine anhydride in nitrobenzene solution: 


CO — CHa 


/ 

Cl . CHj CO ■ N 

\ 


\ , 

N-CO-CHaCl 

/ 


CHr— CO 


Similarly di-(a!-bromoisocaproyl)-dioxopiperazine is obtained (69) 
on boilMg glycine anhydride with the acid chloride. However, 
it was impossible to replace the halogen by the NH 2 group since 
in the presence of NH* cleavage takes place in all solvents with 
formation of the acid amide and free dioxopiperazine. It is 
perhaps interesting to add that according to Karrer (70) these 
two compounds might be 0,0' — substituted derivatives. The 
easy formation of acid amides from an ester-like compound 
wo^d then be intelligible since it is known that esters readily 
produce acid amides in contact with ammonia. On the other 
hand compounds were prepared synthetically (see page 84) which 
probably have the structure 

CH2 

\ 

N— CO— 

—CO 


and are rather resistant to ammonia. 

The synthetic preparation of such compounds is important 
with view to the reaction toward enzymes. The study of the 
behavior of dioxopiperazines toward enzymes diows so far, that 
no cleavage takes place. These investigations will be dealt with 
later. But it is possible t^it the nature of the dioxopiperazine 
nucleus md^t be so changed by the introduction of an amino 
acid rest that the resulting compound would be attacked by 
enzymes. It was therefore attempted to prepare compounds 
of amino acids and dioxopiperazines using different methods. 
Before we turn to these investigations we shall first consider the 
nature of the dioxopiperazine nucleus itself. 
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The structural formula of the dioxopipera2!me nucleus permits 
the following tautomer structures to be assumed (71) : 


R 


OH E 


CO— CH 

/ \ 

HN NH 

\ / 

CH— CO 

I 

E 

I. 


C CH 

/ \ 

N N 

\ / 

CH— C 

I 1 

R -OH 

n. 


OH R 

I 1 
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HN 

\ 


\ 

NH 
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C=C 

I I 

R OH , 


HI. 


Actually compounds were obtained tmder c^ain conditions 
which possess an outspoken unsaturated character (72). Thus 
when ^ycine anhydride is heated with ^ycerol in the presence of 
t3rrosiae to 190-200°C. for five hours a compound is isolated 
which has the empirical composition of glycine anhydride. How- 
ever, in contrast to this, it immediately decolorizes permanganate, 
^ves a positive xanthoprotein reaction and readily allows the 
introduction of methyl groups by means of diazo methane. The 
authors, assume the formula III as the most probable for this 
compound. The same treatment in the absence of tyrosine 
leads to a compound which origiaally possesses this unsaturated 
nature but loses it in the course of purification. Similarly 
heating of d,l-leucyl-glycine anhydride with glycerol in the 
presence of tyrosine leads to a substance which shows all prop- 
erties of an unsaturated compoimd (73). The r61e of tyrosine in 
this connection is not entirely clear. Rearrangement of the 
enol form of 2,5-dioxopiperazine into its keto form takes place 
by heating in aqueous solution to 90-100° (74). 

Another method of obtaining dioxopiperazines in the enol form 
is heating of the respective dipeptides with diphenylamme (75). 
The molic anhydrides of d,l-leucyl-^ycine, d,l-leucyl-d,l-valme, 
d,l-alanyl-d4-alanine, d,l-leucyl-d,l-leucine were prepared in 
excellent yields. Glycyl-glycine and glyqyl-alanine diowed a 
behavior different from that of the othw dipeptides. The first 
gives a difficuitl3r soluble, probably polymer compound with the 
empirical composition of ^ycme ahbydride. While dioxo- 
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piperazines in keto form cannot be transformed into the enol 
form by heating with glycerol or diphenylamine, this trans- 
formation is effected by heating with aniline (79). 

An interesting proof for the assumed structure (I) : 


OH E 

I I 
c=c 

/ \ 

HN NH 

\ / 
c=c 


R OH 
(I) 


■ CH, CH, 

\/ 
oc — c 

/ \ 

HN ' NH 

’\ / 
C— CO 

/\ 

CH, CH, 

ai) 


was given by the preparation of the anhydride from ce-amino- 
isobutyryl-ce-aminoisobutyric acid (II). This anhydride cannot 
eidst in the previously mentioned enol form on accoimt of its 
particular structure. Actually the synthetized product gave 
all anhydride reactions, but imhke the oth^ anhydrides prepared 
by the same method, it failed to give the xanthoprotein reaction 
and did not decolorize permanganate. Since it was possible 
to obtfdn sarcosine anhydride in the unsaturated form (79), 
the existence of the — C=C— linkage in enolic dioxopiperazines 
seems to he established. 

Methods were devised which also allow to distinguish between 
these tautomer cranpounds in a physical way. E.. Abderhalden 
and R. Haas found that a number of amino acid anhydrides give 
a characteristic absoiption in the ultraviolet, the enol form 
show^g a more pronounced absorption than the keto form. It 
is important that some proteins also absorb in the ultraviolet. 
The^ interesting fact was found that the absorption spectrum of 
an amino acid depends on the method of its preparation. Thus 
alanine precipitated from its aqueous solution with alcohol 
behaves differently from alanine obtained by direct crystalliza- 
tion. Possibly this obswvation is related to that of E. Fischer 
(77) that the predpitation with alcohol influences the amino 
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acid so that a preparation of the acid chloride is made possible, 
while no acid chloride can be made from an acid obtained directly 
from water. In one case, the enol-keto rearrangement could be 
observed spectroscopically in d,l-leucyl-glycine anhydride and 
it was found that the rearrangement is complete after 8 hours (78). 

These results are interesting from two points of view. First 
the ultraviolet absorption of dioxopiperazines may be adduced 
as evidence for their occurrence in proteins. Secondly it was 
possible to diow that there are labile enol modifications which 
show a measurable rearrangement. 

However, it must be taken iato consideration that according 
to W. Stenstrom and M; Reinhard (80) the ultraviolet absorption 
of the proteins is due to the aromatic amino acids. Y. Shibata 
and T. Asahina (81) also investigated the question of desmotropy 
of dioxopiperazines. Their investigations are based on those of 
J. N. Hartley (82). This author studied the possible desmotropy 
of cyanuric acid for which the following formulas were possible: 


NH— CO 

/ \ 

OC NH 

\ / 

NH— CO 

I. 


N— C(OH) 

/ \ 

(HO)C N 

\ / 


N=C(OH) 


II. 


The second formula resembling to a certain degree the benzene 
nucleus, it was expected that the compound would show absorp- 
tion in the ultraviolet. Since this was not the case, the con- 
clusion was drawn that the enol tautomer does not exist. Shibata 
and Asahina prepared dioxopiperazines (^ycine anhydride, 
alanine anhydride, sarcosine anhydride) by heating the cor- 
responding amino adds in ^ycerol according to Balbiano and 
Trasciati (83) and Maillard (84) and none of the compounds 
studied showed an absorption spectrum; the conclusion was 
therefore drawn that they all exist in the keto form only. There 
seems to be a discrepancy between these observations and those 
of Abderhalden and Haas. In any case the continued research 
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into the desmotropy of dioxopipera^es with application of 
optical methods seems to promise interesting results. 

Some interesting observations have been made on the dioxo- 
piperazines which later will be possibly utilized for structiural 
investigations. Thus the refractive index of the enol form was 
found to be hi^er than that of the keto form (85). The optical 
rotation of solutions of dioxopiperazines decreases imder the 
influence of RSntgen rays and idtrayfolet rays, while that of the 
corresponding peptides remains unchanged. Probably an oxida- 
tion takes place due to the formation of ozone under the influence 
of irradiation. 

It is very important that the cleavage of enolic dioxopiperazines 
leads to unsaturated dipeptides (86). Glycyl-glycine prepared 
from enolic glycine anhydride behaves differently from that 
obtained from' the keto form. It decolorizes permanganate in 
the cold, gives a positive xanthoprotein reaction, a positive 
ninhydjine and negative anhydride reaction and dissolves in 
aqueous sodium hydroxide ^ving intensely yellow colored solu- 
tions. The yellow color disappears on heating. A similar 
bdiavior is shown by the unsaturated form of d,l-leucyl-^ycine, 
which may be prepared by splitting the corresponding anhydride 
or by heating ordinary leucyl-iglycyl-leucine with diphenylamme to 
200°. The two forms of leucyl-glycine show a different behavior 
toward alkali. While the saturated form is entirely unchanged 
in the presence of 0.2 N sodimn hydroxide after a lapse of 16 hours, 
the unsaturated form is split quantitatively after 9 hours. 

The observations made on the introduction of the acyl rest 
into benzylated glycine anhydride would also indicate that the 
enolic form of dioxopiperazines possesses a higher reactivity. 
While it was previously found that glycine anhydride must be 
heated with chloroacetyl chloride in the presence of nitrobenzene 
to 160° in order to effect a substitution, the dichloroacetyl 
compound results on heating the dibenzyl dioxopiperazine with 
chloroacetyl chloride at water bath temperature. According to 
Earrer (70) the dibenzyl compound is derived from an enolic form 
for which the following formula is suggrated: 
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The double bonds axe not in the position assumed by Abderhalden 
and Schwab. With view to these eq)eriments it is not excluded 
that heating 2,5-dioxopiperazine in nitrobenzene likewise leads 
to an enol structure, possibly different from that which results 
when dipeptides are treated in diphenylamine, or dioxopiperazines 
in aniline. 

The existence of labile polypeptides with enolic structure opens 
a new field of possible relations to amino alcohols, amino alde- 
hydes, etc., and generally to the reactions of proteins in metab- 
olism. It is not excluded that the view of the total degradation 
of proteins introduced into metabolism will have to be changed. 
Similarly it might be found that compounds other than amino 
acids are being absorbed in the gastro-intestinal tract. It is held 
now with view to the experiments with ferments that the stable 
modification of dioxopiperazines occurs in proteins which are 
recant to the action of enzymes, while the labile ^olic modifica- 
tion occurs in the proteins accessible to enzymatic cleavage. 
It is also possible that the denaturarion of proteins by heat de- 
pends upon the transition from the enol into the keto modifi- 
cation (32). 

The researches which were carried out by L. Balbiano and later 
by L. C. Maillard and created new possibilities for the synthetic 
preparation of dioxopiperazines and their derivatives deserve 
mention in this place. Every such contribution to the synthesis 
is highly welcome to the investigator of proteins, since it opens 
urgently needed new sources of supply, the older methods 
of preparation of dioxopiperazines bang none too convenient. 
Balbiano heated glycine in a sealed tube to 150-170° and ob- 
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tamed a keratin-like compoimd which he regards as a polymer 
glycine anhydride (C 2 HsON)x. It is interestmg that on heating 
^ycyl-glycine with diphenylamine to 185-190° an extremely 
difficulty soluble compound results (88), which likewise is re- 
garded as a polymer of glycine anhydride. MaiUard studied the 
influence of hot ^ycerol on amino acids. According to his 
investigations the composition of the products depends upon the 
amount of glycerol. Thus either glycine anhydride or the tetrapep- ■ 
tide tri^ycyl-glycine may form. .This formation of a tetrapeptide 
may have some bearing upon Bergmann’s researches which will 
be dealt with later. In addition a number of different glycine 
combinations is obtained, e.g., the tripeptide diglycyl-^ycine and 
the hexapeptide pentaglycyl-glycine. Likewise the formation 
of a polymer compound, possibly cyclohepta^ycyl-^ycine 
(C2H*0N)8 is observed. This compoimd seems to possess 
remarkable properties. It dissolves in concentrated acids and 
gives upon dilution solutions which first stay clear and give a 
positive bixiret reaction; on standing the solution becomes turbid 
and the biuret reaction becomes negative. Kaito Shibata (89) 
also reports the formation of dioxopiperazines on heating proteins 
with glycerol. 

This method was used by Abderhalden and collaborators in 
the preparation of simple and mixed anhydrides (e.g., d,l-leucyl- 
^ycine anhydride from leucine and glycine) (90). Heating of 
dipeptides with giy<^l likewise leads to anhydrides (91). 
But it is more important that compounds were obtained syn- 
thetically which in all probability consist of combinations of 
anhydrides and amino acids and resemble those obtained by the 
d^adation of proteins. Thus on heating of d, 1-leucine with 
d,l-leucyl-^ycine anhydride the leucyl-(^ycyl-leucine) or leucyl- 
(leucyl-^ycine) anhydride respectively is obtained. Similarly 
heating the tripeptide leucyl-glyeyl-leueine leads to a compound 
to which the following constitution or its tautomer is attributed: 
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The same compoimd ma.y be obtained from the methyl ester of 
leucyl-^ycyl-leucine (91). The positive ninhydrine and an- 
hydride reactions confirm its structure. The biuret reaction is, 
negative. Also a dipeptide was brou^t into reaction with an 
amino acid anhydride. On heating alanine anhydride directly 
with leucyl-glycine in aniliue to 200°, a compound with the 
probable structure: 


CH, 


HN 


CH— CO 

/ \ 


\ / 

CO— CH 


N • CO . CH, . NH . CO - CH • C«H, 


NH, 


CH, 


was obtained. This compound also giv^ positive ninhydrine 
and anhydride reactions and no biuret reaction. In aqueous 
solution it behaves like a colloid since it first dissolves clearly and 
then flocculates on standing. It is intended to study the action 
of enzymes on compotmdsof this type. 

It was mentioned previously that in addition to the dioxopiper- 
azine ring, the occurrence of the piperazine ring itself was taken 
into consid^ation. Numerous experiments were carried out on 
the introduction of amino acids and polypeptide rests into the 
piperazine ring and its alkylated derivatives. The compounds 
thus obtained were exposed to the action of enzymes (92) but in 
no c^e a cleavage was observed. The formula of d^ycyl- 
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leucyl-2, 5-dimethyl piperazine prepared by Abderhalden' and 
KoH-Egger (93) is given here in order to convey a general idea 
of the structure of compounds of this group: 


CH, 


CH, CHr-CH C5H, 

\ / \ / 

CH . CH, . CH • CO • N N . CO • CH . CH, • CH 

/ I \ / I \ 

CH, NH CH— CH, NH CH, 
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CO-CH,.NH, 


This compound is not attacked by yeast juice. 

Abderhalden and coworkers attempted to find more data for 
the distinction of peptides and anhydrides in proteins m addition 
to the tests already mentioned (94). The adsorption miperi- 
ments are very interesting. Solutions (0.05 N) of dipeptides and 
dioxopiperazines were shaken with animal charcoal for 
15 minutes; 8.45 per cent of glycyl-gjycine or 7.37 per cent of 
alanyl-glycine are removed by this treatment in contrast to as 
.much as 38.93 per cent glycine anhydride and 37.66 per cent 
alanyl-glycine anhydride. Further it was foxmd that precipitat- 
ing agents act differently on amino adds, polypeptides and 
anhydrides^ The comparative cleavage of peptones and proteins 
by alkali also gives noteworthy results. Experiments on the 
action of alkali and add on dioxopiperazines and dipeptides with 
control of pH were conducted first by M. Ltidtke (95). Abder- 
halden and Haas showed (96) that the cleavage of dioxopiperazine 
is an equilibrium reaction: 

Dioxopiperazine + H2O dipeptide 

Accordin^y, it is possible to effect a shift either by addition of 
freshly precipitated Cu(OH)2 which is bound by the free peptide, 
or by treatment with y^st juice which produces enzymatic 
deavage of the peptide. While glycyl-glycine and leucyl-^ycine 
are perfectly stable at pH 12.4, the corresponding dioxopiper- 
azinTO are split at tMs and lower pH. The action of alkali on 
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silk peptone is accompanied by a slow decrease of pH, but simul- 
taneously tbe strong picric acid and dinitrobenzoie acid reaction 
is considerably weakened. The same phenomenon is observed 
on casdn Hammarsten, casein Osborne and beef blood serum. 
This points to the splitting of preformed dioxopiperazine lings 
while the alkali is neutralized by the carboxylic group of the 
peptide formed. There is also a close relation between the picric 
acid reaction, the formation of free NH 2 groups and the yield of 
oxamide (97). 

It is perhaps desirable to mention in this coimection the ex- 
periments of Fischer and Schrauth. These authors found that 
the ease of cleavage of a dioxopiperazine by alkali dq)ends upon 
the amino acids which constitute the particular dioxopiperazine. 
While anhydrides with glycine are easily split, neither leucine 
anhydride nor valine anhydride are attacked by dilute alkali 
even on standing for 10 days at 37°. In accordance with these 
findings tyrosine anhydride is split much more dfficultly than 
glycyl tyrosine anhydride. With view to the objections to the 
^oxopiperazme theory which will be dealt with later it might be 
interesting to subject one of the proteins from which leucine 
anhydride was isolated by enzymatic or acid hydrol 3 ras (e.g., 
hemoglobin) to hydrolysis with weak alkali and establish the 
presence qf this anhydride either by direct isolation or by reduc- 
tion to diisobutyl piperazine. Such procedure would exclude 
the possibility of the secondary formation of this anhydride 
(99), Of course, it would be necessary to establidi that enolic 
leucine anhydride is not attacked by alkali much more -easily 
than the keto form investi^ted by Fischer and Schrauth. These 
considerations of the dependence of cleavage upon the constitu- 
tion of the anhydride should be kept M noind when the problem 
is discussed, whether the acidity of the stomach or the alkalinity 
of the intestines are liable to effect the cleavage of dioxopipera- 
zines. 

Substitution of dioxopiperazines changes also their resistance 
to alkali. Thus 0,0 -diacetyl-glydne- and -alanine anhydrides 
are not split by a boiling 5 N solution of alkali while the cor- 
responding N,N'- compounds are completely hydrolyzed (100). 
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lu reviewing the dioxopiperazme theory we may say that con- 
siderable experimental evidence has been adduced in its favor. 
On the other hand it was also shown how easily a secondary 
formation of dioxopiperazines takes place and how careful the, 
investigator must be in the elimination of these possibilities, 
A modified dioxopiperazme theory based entirely on synthesis is 
suggested by 'Bergmann and his collaborators. This will be 
dealt with later in conjunction with the other theories which are 
built up on synthetic experiments. 

We mentioned before that on the basis of researches into the 
polysaccharides it was assumed that associations and aggregations 
of d^entary complexes are present m the proteins. However, 
this is to be regarded as a working hypotheds wMch cannot be 
generalized as yet althou^ ^oradic experiments are known in 
which simple compounds polymerize and the polymers show a 
behavior siTnilar to that of proteins. The conception of proteins 
as abrogated complexes seemed to be so convincing that the 
existence of specifically acting disa^r^atii^ enzymes was first 
assumed by Oppenheimer (101). Pepsin was supposed to act 
in a disa^regating manner only by dissolving the subordinate 
valences which hold together the dementary complexes. It was 
regarded as. a non-hydrolyzing ferment. This assumption could 
not be corroborated by experiment. It was also mentioned that a 
true valence link£^ between anhydrides and amino acids was 
thou^t ci as possible. 

We here wish to discuss briefly the experiments which can be 
adduced in favor of the existence of associated compounds. It 
was shown first by Pfeiffer (102) that amino adds and polypeptides 
are capable of forming moleculan compounds with neutral salts, 
e.g., Naa, GH,-NH-CH2-C00H, HsO or liBr, NHs-CH(CH,)- 
COOH, HjO or ZeC1*,2NH,-CHsCOOH, 2HaO, etc. He also 
dmwed in collaboration with Angem (103) that not only 
pintdns of hi^ molecular wdght but also amino acids are salted 
out eadly, this behaviOT bdng indq)endettt from the solubility 
of die aa^o add in water. Abderhalden and Sickel (104) 
observed the formation of mixed crystals of amino adds. 
Partioulariy important are the experiments by Pfeiffer and Angerh 
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(105) which show that dioxopiperazines are capable of forming 
molecular combinations with amino acids, various salts and 
organic ompounds, e.g., glycine anhydride, 21101, 2 . 5 H 2 O. Ssur- 
cosine anhydride gives molecular compounds with tryptophane 
scatole, anthranilic and p-aminobenzoic acids. 

3. The expmmenis of WaJAechmdirL&iz 

An extremely important criterion for the validity of an assumed 
structural formula is the enzyme test. It is well known that 
the enzymatic cleavage is very specific and depending upon fine 
configurational particulars. It indicates that a certain config- 
uration but not that a particular compound occurs in nature 

(106) . The attempts to split dioxopiperazines by enzymes were 
so far entirely unsuccessful (107). Levene and Meyer found 
that glycine anhydride is eliminated unchanged in the urine, in 
contrast to glycyl-glycine, the nitrogen of which is completely 
eliminated as xirea. Abderhalden and Goto observed that a 
cleavage of 2,6-dioxopiperazines does not take place with pepsin. 
No enzymatic cleavage of 2,5-dioxopiperazines was observed by 
Waldschmidt-Leitz and SchSffner (108). 

One may expect that the researches of Waldschmidt-Leitz 
and his collaborators on the separation of enzymes will contribute 
to the elucidation of the question of the protem structure. 

It is well known that the foxmdation of Fischer’s peptide theory, 
i.e., the conception that the CO-NH linkage is the characteristic 
linkage of proteins was strengthened particularly by the fact 
that synthetic peptides were split by proteolytic enzymes. The 
investigations of WlUstatter and his collaborators on the purificar 
tion and characterization of enz 3 anes made a further progr^s in 
this direction possible. 

In continuation of Willstatter^s research^ on the application 
of fractionated adsorption Waldschmidt-Leitz and Harteoeck 
(109) succeeded in separatum trypsin and erepsin the two proteo- 
lytic enz 3 nnes <A the pancreas. Similarly a separation of trypsin 
and erepsia of the intestines could be effected (110). It could be 
proved tha.t the two enzymes possess a highly specific addon, 
since all simple dipfeptides are split by erepsin of both the paor 
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creas and the intestines, while proteins are not attacked by this 
enzyme. On the other hand tr3T)sin attacks proteins. Accord- 
ing to Waldschmidt-Leitz, the following specific enzyme groups 
must be distinguished (118): 1) erepsin, 2) trypsin not activated, 
3) trypsin activated (trypsin + enterokinase), 4) pepsin. 

The following table shows the differential behavior of erepsin 
and trypsin: 


BUBSTZTtTTS 

nNZTMS 

Erepsin from 

Trypsin 

Intestines 

Pancreas 

'Activated 

Not 

activated 

Alanyl-tyrosine. 

+ 

+ 

— 

— 

Glyoyl-tyrosinc 


+ 


— 

Glycyl-glycine 

+ 

+ 

— 

— 

Leucyl-glycine 
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+ 
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Leucyl-alanine 

+ 

+ 

-- 

— 

Glycyl-alaniBe ’ 

+ 

+ . 

-- 

— 

Leucyl-glycyl-glycine 

+ 

+ 
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Peptone (Merck) 

— 

— 

++ 

+ 

Clupein (herring) 


— 

++ 

+ 
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— 

— 

+ 

— 

Casein 

— 

— 

+ 

— 

Fibrin 

— 

— 

+ 
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Gelatin 
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+ 


Gliadin 

— 

— 

+ 

— 

Zein 




4- 


Egg albninen 

— 


T 

+ 

— 

Ehicinus globulin 

— 

— 

+ 

— ' 


These results are in contrast with those of Fischer andAbder- 
halden (111) who distmguished between dipeptides which are 
hydrolyzed by enzymes and those which are not (112). Accord- 
ing to Waldschmidt-Leitz, there is no such differentiation among 
the dipeptides, provided their configuration justifies the assump- 
tion that they occur in nature. Similarly all statements on the 
cleavage by erepstn of peptones, protamines, histones and casein 
must be revised. The complete hydrolysis of proteius is not 
feasible with a combination of two eanzymes out of the four groups 
mentioned in contrast to older statements of I^scher and Abdei>- 
haldim who assume that some enzyme ^cmps may mutually 
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replace each other (113), or to the researches of Henriques and 
‘Gjaldbaek who find that an exhaustive treatment of casein 
with trypsin may replace the action of pepsin (114). Of course, 
the contrary results obtained by the older investigators are due 
to the impurity of enzymes used which represented mixtures with 
varying amounts of components. The action of enzymes is 
independent from the order of their application. E. Wald- 
schmidt-Leitz foimd that the three enzyme groups, trypsin, 
trypsin + enterokinase, erepsin may be substituted for each other 
to a certain extent, althou^ the enzymatic action of each is well 
defined. This was observed by following up the cleavage of 
casein effected by pepsin and erepsin-free trypsin. The progress 
of cleavage was estimated by the increase of the mimber of free 
carboxyl groups (115). The peptic action could be observed 
after the tryptic action had taken place. On the other hand when 
the hydrolysis is carried out with trypsin and erepsin combined, 
there is no substrate left which would make the peptic action 
visible. Under the action of peptin and anularly under the 
action of non-activated trypsin, the protein molecule is split 
into large parts. This is indicated by a sli^t increase of the 
number of carboxyl groups. The activated trypan on the other 
hand produces free amino acids from the protein. The cleavage 
of proteins by non-activated trypsin shows that trypan does not 
occur in an inactive form as a zymogen which is activated by 
enterokinase. It is rather to be assumed that the activator 
aiterokinase acts as an auxiliary substance for the cleavage of 
certain compounds (116). It was shown in a recent paper that 
the composition of tiie products of cleavage of cluptin depends 
upon the sequence of the enzymes. But whatever enzyme is 
taken into consideration the cleavage is always one of the 
GO'NH-linkage. In no case a disa^regation into elementary 
complexes was observed (117). 

These conclusions are in a certain contrast with the results 
obtained by H. Steudel and collaborators (117a). If the action 
of a proteolytic enzyme always depends upon the dissolution of 
the r^ular CO-NH-linkage, the amount of amino and carboxyl 
groups ^ould always be the same, r^ar^ess of the method of 
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detemiinatioii. However, when certain proteins (casein, serum 
globulin, serum albumin and gluten casein) were subjected to 
p^tic cleavage the number of carboxyl groups formed was 
several times greater thap that of the amino groups. It is im- 
possible as yet to ^ve a definite explanation of this phenomenon 
It might be caused by the cleavage of linkages different from the 
CO-NH-linkage, e.g., the ester linkage between a carboxyl 
group and the hydroxy group of a hydroxy amino acid. How- 
ever, this would not accoimt for the increase of amino nitrogen. 
Another explanation would be that groups are freed by peptic 
cleavage which are less basic than the a-amino group of the sim- 
ple amino acids, since it is known that only a fraction of the 
nitrogen of some amino acids (e.g., tryptophane, argnine, lysine) 
is indicated by the method of Van Slyke. 

Jud^g from the fact that the splitting action of individual 
enzymes stops at certain intermediate stages of the protein 
hydrolysis, one is justified in assuming that it will be possible 
by this method to realize the fractionated hydrolysis of proteins 
which will permit the isolation of biologically defined elementary 
complexes. Thus the investigations of Waldschmidt-Leitz cor- 
roborate the original idea of true valence linkages without leaving 
room for the conception of a^egates which are separated into 
smaller parts by enzymatic action. His objections to the 
dioxopiperasdne theory are based on the same principles. He 
cont^ds that altogether too much importance is attributed to the 
po^lnlity of occurrence of dioxopiperazines (118). It is ad- 
mitted that the anhydride structTue may play a rdle inprotdnoids 
like silk or certain ^eleton constituents which are re^tant to 
enzymes. But since no cleavage of 2,5-dioxopiperazines is 
deserved under bidogcal conditions (they also are very difficultly 
soffit at the pH of the gastro-intestinal tract) it is not to be 
assumed that they generally occur in proteins. Similar con- 
siderations hold for the other su^ested cyclic structures, partic- 
ulaHy those of Troensegiard and Beigmann. 

It seems that this general statanmit go^ too far, since it is 
based only on the aetkm of enzymes on the simplest dioxopipera- 
zlnes. As long as v?e do not have any information on the enzyme 
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action on the enolic tautomers of both dioxopiperazines and 
peptides, peptide-anhydride combinations and the other assumed 
ring structures, it is as yet unjustified to deny their occurrence 
in proteins. As the interest of the protein chemists is focussed on 
these researches, it is to be e:^ected that a decision will be reached 
in the near future. 

In this connection attention should be paid to the experiments 
of Levene and coworkers (119) on the action of enzymes on 
peptides and the circumstances influencing the fomaation of 
anhydrides. 

4 . The synOietic hekrocyclic compounds 


We still have to deal with the interesting' synthetic experiments 
of Karrer, Bergmann and their collaborators. These investiga- 
tors attempt to approach the problem in a purely synthetic man- 
ner by preparing compounds of given structures which might 
possibly occur in proteins. 

It was previously mentioned that Karrer first pointed to the 
possibility of existence of enolic forms of dioxopiperazines (70). 
The pertaining experiments were first carried out with dibenzyl 
dioxopiperazine derivatives, which were obtained by the action 
of benzyl chloride and «-chloro-p-toluic acid ester respectively 
on the silver compoimd of ^ycine anhydride and have the formu- 
las (120): 


O.CH*CJH, 

i 

0 CH* 

^ \ 

N N 

\ / 

CHr-C 

I 

0-CH Ca 


0 • CHi<( )> COO • CiH, 


-CH, 

\ 


N 

\ ^ 
GHr-C 


N 


O’. CH, ^ COO . C,H, 


These compounds aire particularly interesting with ■view to their 
extreme sensitiveness to dilute adds; dilute hydrochloric acid 
effects a cleavage with formation of glycine and benzyl chloride or 
the w-chloro-p-toluic add respectively. Karrer and coworkers 
contemplate also other posdbilities of formation of anhydrides out 
of peptides, which are represented by the following equations. 
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They are characterized by the assumption of enolic rearrange- 
ment: 

NH— CHX N- -CHX N- -CHX 

•R.CO CO -R-C CO -RC CO 

/ \ / \ / 

NH OH.HN N 

I 1 

CH. OH CH 


NH— CHX 


•RCO CO . NH • CH 


(Imidazolone) 


...R-C G-NH-CH— ...RC C-NH-CH- 

/ \ / \ / 

OH OH 0 

(Ozazole) 


\i N- 


N- -CHX 


NH— CH. 


\ / 

OH OH 


C=N.CH— ...RC 


C=N • CH— 


N— CHs 


N— CH, 


\/ 

0 

(Ozazoline) 
N— CH, 


CJH.CO CO Cl C,H,C CO Cl C,H,C GO : C,Hj-C C(OH) 


0— CH, 


0— CH 


(Metoxazine) 

The formation of an imidazolone compound according to 1 .) ' 
may be seen on the reaction of the hippuric add amide mth 
PCI 5 . Hare the 2 -phenyl glyoxal-5-one is obtained: 


C,H,.C CO 

\ / 

NH 

which m decomposed by acids with formation of hippuric add. 
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The formation of oxazoles according to 2.) was observed in 
many cases. The formula of 2-methyl-6-ethoxyoxazole may 
serve as an example of the compounds of this group: 

N CH 

II II 

CH, . c c . 0 • cja, 

\ / 

o 

Phenylhydrosydihydrometoxaziae (3) is obtained by the action 
of diazomethane on hippuryl chloride. 

The imidazolones, oxazoles and metoxazines are likewise ex- 
tremely sen^tive to acids. In some cases an acid concentration 
which is necessary for the activation of pepsin is sufficient to 
effect the cleavage. If these compounds were built entirely of 
amino acids, this treatment would lead to peptides. The forma- 
tion of the ring takes place the more easily the lower the fatty 
acid, which is combined with the amino acid (121). 

The results obtained by Karrer are no doubt extremely interest- 
ing, particularly the observation that compounds related to 
peptides may be obtained by the cleavage of certain ring stnie- 
tures at an extremely sli^t acid reaction, such as is found in the 
stornach. Since these researches are not yet directly applicable 
to the conditions prevailing in natural protdns, it is very dedrable 
that attempts be made to syntibetize these rii^ structures entirdy 
out of ammo acids and to study these xmder conditioios which 
prevail in the gastro-intestinal tract. 

5. The iso- and aUodioxopiperazines 

A. series of important synthetic investigations was carried out 
by Bei^pumn and his collaborators. In continuation of the 
studies on the rearrangement of compounds which diow a be- 
havior similar to peptides they succeeded in isolating compounds 
which were regarded first as oxazoline derivatives. Later they 
were recognized as dioxopiperarine, derivatives. In contrast to 
the other dioxopiperazmes these compounds show a tendmcy to 
polymerization (122). Besr^nann showed in collaboration widi 
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Miekdey and Kann that these compounds are formed from ester 
chlorides of the dipeptides glycyl-and alanyl-seiine on treatment 
with thionyl chloride. They show a peculiar behavior on treat- 
ment with acids and alkalis. With acid one-half of their nitrogen 
content is split off as ammonia with formation of pyruvic acid. 
On treatment with alkali and subsequent neutralization poly- 
merization takes place with formation of compoimds which axe 
insoluble in water and other solvents. The series of reactions 
which are involved in these changes may be illustrated by the 
following equations showing the changes to which alanyl serine 
may be subjected: 

HO-CH, 


CO-NH.CH _™o CHs 

1 II 

CooH <soa.) CO— NH— C 
CH, . CH . NH, CH, . CH— NH— CO 


CH, 

1 

COOH CO 

I 1 

CHi • CH— NH— CO 


/ 


CO— NH— CO 


ag,.CH— NH— CO 
6-inethj!-2, Z, 5-triozopiperazme 





COOH CH, 

I ■ 1 

CH ■ NH» + CO 

I ' 1 

CH, COOH 
pyruvic acid 


COOH 

1 COOH 

CH.NH,+ 1 +NH, 
1 COOH 

CH. 


Disodlum compoiaid 

t 

i 

(C,HiO,N,)x 

i 


T0trap€ptide 
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This scheme of reactions shows the following: The catalytic 
hydrogenation which leads to alanine anhydride proves that the 
assumed formula of a methylene dioxopiperazine is correct. It 
also shows that there is a clear relation to pyruvic acid to which 
an important biological rdle is attributed. Solution in alkali leads 
to a ydlow compound from which a polymer compotmd is pre- 
cipitated with acid. This reaction is reversible. The polymer 
compound yields on acid hydrolysis a tetrapeptide. This would 
suggest the possibility erf four amino acids constituting this 
compound without any piperazine nuclei. However, this assump- 
tion cannot be made since this same polymer gives on reduction 
alanine anhydride, i.e., a compound with two amino acids only. 
The determination of molecular wei^t in phenol corresponds to 
the formula (CySgOjN*)* (mol. wd^t 280). However, this is 
not necessarily the true molecular weight, but possibly that of 
elementary complexes disrupted by the action of phenol. 

Bergmann and Stather (123) obtained the same compound 
also in a different way. They started with cystine which accord- 
ing to known methods was transformed into dialanyl-l-cystine 
and the corresponding diester. From this the new dialanyl^ 
cystine dianhydiide was obtained. This compound is insoluble 
m water, but dissolves quickly on addition of ajkafi. When the 
solution is neutralized with acid a crystahine product is obtained 
and simultaueously sulfur and hydrogen sulfide fonn. The 
crystalline compotmd has the composition of a pol3rmer 3- 
meth,ylene-6-methyl-2,5-dioxopiperazine which is obtained from 
alanyl seriue as described before. The reactions which lead to 
the formation of this compound are: 

CO— NH-OH-CH,.S.S.CH,.CH.NH — GO 

II II 

H^-OS.CHi COOH COOH HiN-OH-CH, 

dialanyl-l-cystine 

i - 

CO— NH - CH • CH» « S - S . OH, . CH- CO 

\ \ I I 

(HC1)H,N-CM,. CH, COO-Ca, COO-CH, <HCi)H • CH • CH, 
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CO— NH— CH . CHs • S . S • CHs . 

1 1 

CH,.CH— NH— CO 


CH— NH— CO 

1 i 

CO— NH— CH . CH, 


dialanyl-l-cystine-dianhydride 


■(. 


CO— NH— CH=CHA 


1 

CH, . G NH— GO 


j + H,S + S 


(CJB[rf),N,)x 

It is remarkable that the formation of the two anhydrides in 
cystine so increases the lability of the sulfur atoms that 71 per 
cent of the sulfur of that compound is split off, while the — C — S- , 
linkage in dialanyl cystine remains entirely intact under the 
same conditions. It sennas that this reaction is not limited to 
serine and cystine derivatives but is shown as well by oth«r amino 
adds containing no hydroxyl or sulfur groups. 

In addition to the polymer isodioxopiperazines, another poly- 
mer modification has been prepared recently by Bergmann, 
Miekdey and Kann (123a). They found that it is suffident to 
heat methylenemethyldioxopiperadne with a dilute aqueous 
»)lution of ar^nine, to obtain the "allo-foim” which is different 
from the “iso-form” previously obtained. Other weak bases 
(ammonia, guanidine, etc.) act similarly. Treating with con- 
centrated hydrochloric add leads to a tetrapeptide which is 
identical with that obtained from the “iso-form.” 




ICJE,jOJSF,lx 


^ __ / Isomethyleneineihyldiozopiperaziiie 

— O— OJtlj 


CHa • CH— NH— CO 




\ 


‘ [C,Hrf)d!I,]y 

Allomethylenemetliyldioxopiperazme 


Particular importance ^ attributed to this finding, since it m 
shown for the first time that the anhydride of two amino adds 
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which frequently occur in native proteins may be transformed 
into an isomer form in aqueous solution by an amino acid which 
likewise occurs in natural proteins. This in turn permits the 
conclusion that the aUodioxopiperazines themselves occur in nat- 
ural proteins. 

The allo-form is chemically very interesting. Upon treatment 
with formaldehyde a compound results to which the designa- 
tion monof ormal-methylenemethyldioxopiperazine is given. This 
compound swells in the pr^ence of water, forms a jeUy, causes 
no noticeable depression of the freezing temperature and gives 
on drying in thm layers films which may be made sensitive to 
lij^t on treatment with chromate just l^e gelatin films. It is 
concluded that compounds which ^ow a colloidal behavior suni- 
lar to that of gelatin, do not necessarily have to consist of a great 
number of differ^t amino acids. 

In contrast to the ordinary dioxopiperazines (and dibenzal- 
piperazine) which bind only a small quantity of tannin, the iso- 
and aUodioxopiperazines possess an outspoken capacity to absorb 
both tannin and dyestuffs (malachite green, acid fuchan) similar 
to some natural proteins. The foUowing table Ulustrates this 
behavior. The results were obtained by the colorimetric com- 
parison of solutions originally containing a known quantity of 
malachite green which were shaken with a ^ven quantity of the 
compoimd. 

Adsifrptiim 


Compound per cent 

Glycine anhydride ■ 0.9 

Methylenedioxopiperazine 2.2 

Isomethylenedioj^opiperazine 35.6 

Allomethylenedioxopiperazine 16.7 

Methylenemethyldioxopiperazine 6-3 

Isomethylenemethyldioxopiperazine 20 

Allomethylenemethyldioxopiperazine 60.3 

Silk fibroin 100 

Zephir wool 97.6 

Benzaldehyde compound of methylenedioxopiperazine 98.3 


This “super molecular” state of certain dioxopiperazines seems 
to be related to the state of some natmral proteins (gelatin, silk 
fibroin gliadin). Also the remits of the detecminataon of moleo- 
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ular weight of these proteins (200-400) would fit into this con- 
ception. Like proteins the iso- and allodioxopiperazines bind 
dyestuffs and tannins. It is enaphasized that the stabiliy of these 
substances depends upon the presence of the methylene group, 
while the stability of dioxopiperazines of the proteins in case 
these are actually present, is probably brought about in a different 
manner. 

Bergmann’s investigations lead to a new conception of the 
structure of the compoimds of high molecular weight (124). 
The following comparison is used to illustrate these conditions. 
When a compound enters into the crystallized state, the individual 
molecules cease to enst since they are now connected with each 
other by lattice forces. Thus a crystal is to be regarded as a 
kind of supeimolecular structure, it being possible to restore the 
molecular subdivision through destruction of the crystallized 
state by vaporization, solution or liquefaction. This super- 
molecular state is not a structural constant but a form of a state 
which is determined by the surrounding physical and chemical 
conditions. Similarly the eoncluaon that a protein appears to 
be of a hi^ molecular weight is drawn as a rule from its behavior 
toward water, althou^ it may be “molecularly disperse” in 
phenol. Thus the forces which bring about this phenomenon 
are comparable to the lattice forces, the difference beiag only a 
quantitative one. On the other hand, the hydrogenation of the 
polymer isodioxopiperazines leads to compounds with six carbon 
atoms while acid hydrolysis and the determinations of molecular 
we^t of the same substance in phenol point to the existmice of 
compounds with twelve carbon atoms. This fact would suggest 
that there is no sharply defined elementary complex which would 
first come into appearance in all degradations. This seems to 
be characteristic of all proteins. There is another resemblance 
between these polymer isodioxopiperaziaes and the protems. 
The fact that polypeptides result on hydrolysis of protdns makes 
the assumption possible that the d^adation does not lead ovet 
the dmxopiperaaan^ first. It is thiokable that the disaggregar 
tion by ferments leads directly to polypeptides which are further 
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split by another enzyme group, just as the acid hydrolysis of the 
isodioxopiperaziues leads to tetrapeptides. 

This interesting theory of Bergmaim also requires biological 
corroboration. In its presMtt formulation it would make appear 
the protein problem clear and reduced to comparatively simple 
basic ideas. 

6. The ure/ide theory 

Finally the ureide linkage is to be mentioned, the occurrence 
of which is su^ested by Brigl and Held (53). These authors 
base their assumption on the fact that neither the pure peptide 
nor the dioxopiperazine theories account for the relation of oxygen 
to nitrogen being in most proteins considerably hi^er than 1, 
while according to either theory it should be approximately 1. 
Therefore, the hypothesis is advanced that proteins contain 
polypeptide chains of varying lengths which are connected with 
each other by means of groups containing oxygen. It is possible 
that they possess ureide structure according to the schematic 
formula: 

HN-CHR.CX)- • -HN-CHR.CO- • • HN • CHR • COO 

/ \ / 

CO X 

\ / \ 

HN . CHR . CO • • • HN . CHR • CO • • • NH • CHR. COO 

The possibility of an ureide structure was discussed repeatedly 
in the chemical literature (125). Brigl and Held used as a model 
for their investigation the diureide of the dipeptide glycyl glycine: 

NH . CH, . CO . NH • CH, . COOH 

/ 

CO 

\ 

NH . CH, . CO . NH . CHi . COOH 

The results obtained by fusicm with phthalic anhydride, which 
was sn^sted by Biigl and Klenk (126) as a possible reagait for 
tlM isolation of dehnite oompotmds out of protdto and by the 
application of the previously mentioned hypobromite method ci 
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Goldschmidt and Steigerwald do not disagree with the assump- 
tion of the ureide stnicture of proteins. The experiments with 
■enzymes (pepsin and trypsin), however, gave entirely negative 
results. It is possible that ureides of other peptides will behave 
difiEerently. 

It is not desired to carry further our presentation of the 
researches into the structure of protms. Althoi^ it was 
intended to illustrate the different phases and branch^ of de- 
velopment as completely as possible this paper does not hy any 
means contain a complete review of aU the work that has been 
done in this realm. 

It is obvious that the research into the structure of the proteins 
is in a constant flux at the present time. There are radical 
theories which regard even amino acids as secondary products and 
there are others which view amino adds and polypeptides as 
elementary compounds related directly to the various oydie 
structure. It is impossible at the present time to uncondition- 
ally accept any one of the theori^ described. They all have thdr 
weak and strong points. It is possible that the near future will 
bring fundamental developments in this realm. New facts may 
become known to which one or another conception may fall prey. 
Nevertheless a compilation of pertaining facts and ideas at this, 
as it seems, critical point, may involve psychological and educa- 
tional interest, since it allows an eader contraposition of the 
state of sdentiflc progress in given periods. 

In conddering the posdbUities of future development, we 
bdieve that the investigator who tries to elucidate the riddles of 
protein structure is entitled to the same optimism which guided 
Emil Fischer in his work, as pronounced in a statement, part 
of which may be given in free translation: 

Nature ac(xnQp]idi.ed her hipest achievement in buildup up pro- 
tdns and thdr various derivatives. 'Hiebdief that she confined hersdf 
to only a idr types would disagree with all experiences of chemistry and 
bklogy. .... 

If by a lucky accident it diould become possible today to prepare a 
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feumne protein by some brutal reaction, e.g., by fusing amino acids in 
the presence of a dehydrating agent, and if it were possible to identify 
this artificial product with a natural one, only little would have been 
achieved for the chemistry and practically nothing for the biolc^ of 

proteins I should feel inclined to regard it as good luck, that 

chemistry is forced to create numerous new methods of synthesis, iden- 
fication and isolation and to closely study hundreds of intermediate 
products, before it solves the protein problem. For ultimately these 
meilrods will not only serve in the preparation of all proteins of nature 
and of more than nature created. They will probably suffice to elucidate 
the numerous and remarkable products of transformation of proteinsL 
which play such an important rdle as enzymes, toxins, and others. 
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PHOSGENE 

G. MALCOLM DYSON 

Laboratory of Applied Pathology and Preventive Medicine, Manchester, England 

The aom of this monograph is to provide a summary of the 
work done with phosgene. The literature of any substance whose 
chief use is in the capacity of a reagent, is hard to search, since the 
name of the reagent does not appear in the title of the pap^, 
nor, as a rule in the index of the journal in which the paper is 
published; and bearing this in mind it is not claimed that the 
present work embodies all the references to phosgene which have 
been made in the literature. However, an attempt has been 
made to include all the important work done on the subject up 
to the end of 1925. 

HISTOBT AND FBEFABAYION OP FHOSGBNE 

During the years 1800-1812 several investigators, inchidir^ 
Gay-Lussac and Thenard,^ and Murphy,^ published stat^ents 
to the effect that carbon mono^de and chlorme were mutually 
inactive, but in 1812 John Davy* (brother of Humphrey) more 
carefully investigated their interaction. He mixed equal volumes 
of the two gases, which had been dried over caldum chloride, and 
exposed the mixture, contained in a vessel over m^cury, to sun- 
li^t. In fifteen minutes the colour of the chlorine had entirely 
disapi)eared and a new gas which was po^essed of lachrymatory 
properties remained. This Davy christened “phosgene” 
“light,” and yemhu “I ^ve rise to”) while he noted that the new 
gas did not fume in air, but reddened blue litmus and reacted with 
ammonia to give ammonium chloride. Eurther, he noticed that 
it was chranically very reactive and was decomposed by heating 

1 Gay Lussac and Thenard, Reoherehes Physico-cMmiqu-e, Tom. II, 150. 

* Nicholson'S Journal, XXX, 227. 

® Phil. Trans. (1812), p. 144, 
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mth ^c, antimoDy or arsemC; and that it combined readily on 
warming with the oxides of certain elements to ^ve the metal 
chloride and carbon dioxide. He showed, also, that no combina^ 
lion of carbon monoxide and chlorine took place in the absence 
of sunli^t, even on passing throng an earthenware tube heated 
to redness. 

Several investigators carried on the work with phosgene which 
they obtained by various modifications of Davy’s original method. 
Thus, for instance, 'Wilm and Wischin* (1868), obtained their 
phosgene by passing carbon monoxide, which had been purified 
by passage through caustic soda solution, and milk of lime, 
mixed with a sli^t excess of chlorine, which had been dried over 
strong sulfuric acid, into ten litre glass ^obes, exposed to 
STinli^t. The phosgene was then absorbed in ^cohol to give 
chlorocarbonic ester, of which these investigators state that they 
were able to prepare about 2.3 potmds a day. 

Prior to 1860 only three methods (besides that of Davy), and 
these of little importance, had been recorded for the pr^aration of 
phosgene. They included the action of a mixture of concentrated 
nitric and hydrochloric adds on carbon bisulfide, discovered by 
Berzelius and MarceV ^d the decomposition of hexachloro- 
methyl oxalate by heat (Cahours)* which takes place thus: 

oo-occi, 

I =«3COCl»+CO 

. co-occi, 

while Henry in 1845 pointed out that phosgene could be produced 
by the dry distillation of trichloracetic acid, thus: 

CdOH 

1 -HCl+CO + COCl, 

C-CI, 

Later, in 1863, Schutzenberger^ investigated the action of 
platinum sponge on heated chlorine and carbon monoxide. He 

*Z. CJbem. (2), 4, 6 (1868). 

* Gilbert’s Aimalen. 48, 161, (1814). 

• Ann. PhTB. Ghem. (3), IS, 352. 

»C.B. 66,747. 
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stated that phosgene was produced, and also that it could be 
formed either by heathy carbon tetrachloride with zinc oxide 
under pressure, or by passing a mixture of carbon monoxide, 
chlorine, and carbon tetrachloride vapour throu^ a red hot tube. 

ZnO 4- ecu = coa* + ZnCU 

In 1869® he obtained phosgene by the interaction of chlorine 
monoxide and carbon bisuMde: 

cs, + acisO =■ = 2Soa* + coou 

while Emmerling and Lengyel® in the same year obtained phos- 
gene, mixed with many other products by passing a mixture of 
carbon oxysulhde and chlorine throi:^ a red hot porcelain tube. 

THE PBEPA3EIATION OE PHOSGENE 

The methods for the preparation of phosgene resolve themselves 
into the following chief groups: 

1. The photochemical combination of carbon monoxide and 

chlorine. 

2. The oxidation of chlorinated hydrocarbons with chromic acid. 

3. The interaction of sulfur trioxide or oleum tvith chlorinated 

hydrocarbons. 

4. The combination of carbon monoxide and chlorine in the 

presence of a solid catalyst. 

The photochemical combination of carbon monoxide and chlorine 
has been the subject of several detailed investigations, mainly 
by Chapman and his co-workers, and Weigert. Chapman and 
Gee“ experimented on the action of li^t on mixtures of equal 
quantities of pure carbon monoxide and chlorine, and found the 
reaction to be homogeneoxis, if the surface of the glass be not 
large. Glass, they foimd, acted as a weak catalyst, the rate of 
formation, in the presence of a comparatively large ^ass surface 
being 1.237 times as fast as that in an ordinary glass tube. The 


• Ber. 2, '219. 

• Ber. 2, 546. 

« J. C.S.99, 1726. 



112 


G. MALCOLM DYSON 


glass surface was obtained by packing the reaction tube witb 
^ass wool. &nall quantities of certtdn substances, sudb as 
oxygen, lutric oxide, and especially ozone act as inMbitors, in 
some cases almost stopping the reaction, althou^ their pz;esenoe 
does not, apparently, affect the rate of thermal formation. 
Weigert^ investigated the dissociation of phosgene with and with- 
out the presence of li^t, and fpimd that althou^ the presence 
and wavelength of li^t alters the rate at which the eq^librium 
is reached, it had no effect on the position of the eqxiilibrium. 
This work, in so far as it relates to the wavelength of li^t in 
accelerating formation and decompc^tion of phosgene, was con- 
firmed by the work of Bertholet and CJaudechov^* whose experi- 
ments consisted in placing pure phosgene over dry mercuiy a-nH 
exposing the tube to a strong source of ultra-violet light. As 
decomposition of the phosgene took^ place the surface of the 


TABUS 1 


UATBBZAlt or TtlBB 

SXMB TAKBN TO PBOPUCB 
FILM ON UBBCCBT ^ 

Clear quartz 

5 seconds 

80 seconds 

More than two hours 

Uviol glass 

Ordinary glass 



mercury was corroded by the chlorine hb^ated. Tubes of 
different materials, allowing different amounts of short wave 
li^t to pass were used in different experiments, and the time 
tsSk&n. for a definite film to form on the mercury was noted. Iheir 
results are shown in table 1. It is clear from these results, that 
ultrar-viok^ U^t has a stroi^ influence on the decomposition 
rate of phosgene. Coehn and Becker** utilised a “streaming” 
method for proving the same facts. They passed pure phosgene 
through a clear quartz tube, at room temperature, illuminating 
it witii the li^t from a mercury -vapour lamp. Dissociation to 
the extent <rf 4 per cent was observed in the issuing gas. In 
aaotiber experiment substituted a tube of “Uviol” glass for 

U Jam. Fhvsik. (4), Si, SS aad 243. 

»Ber.43, 130. 

“O.B. IBS, 1243. 
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tl^e quartz tube. “Uviol” while allowing some of the ultra- 
violet light to pass, cuts out waves shorter than With 

this glass they observed a dissociation of 0.46 to 0,5 per cent. 

The oxidation of carbon tetrachloride or chloroform by 
means of a mixture of potassium bichromate and concentrated 
sulfuric acid, although too expensive for commercial purposes, 
furnishes a convenient method for the laboratory preparation of 
the gas. It was first described by Emmerling and Lengyel“ in 
1869, who warmed chloroform with chromic acid mixture, and 
obtained phosgene which was passed throu^ a tube containing 
metallic antimony to remove the excess of chlorine. They as- 
sumed the reaction to go: 

2 CHCla + 3 O ■= 2 COCU -1- HjO + Cl, 

but it was shown by Erdmann*® and others that the reaction in 
reality proceeds thus: 

2 CHC1, + CrO, + 20 = 2 COOl, + GrO,Cl, + H,0 

This author describes a convenient laboratory metiiod for the 
preparation of phosgene from “oleum” and carbon tetrachloride. 
The apparatus is shown in figure 1. Carbon tetrachloride (120 
grams) .is placed in a round-bottomed flask, warmed by a water- 
bath. The flask is connected with an efficient condenser to 
return any volatilised tetrachloride to the reaction vessel, and 
“oleum” containing 80 per cent of SO, (120 grams) is allowed to 
drop in slowly from a tap-funnel inserted throu^ the upper end 
of the condenser tube. I he phosgene is washed with con- 
centrated sulfuric acid and condensed in a thick glass vessel, 
by means of a snow and salt mixture. 

' This reaction, -^between sulfur trioxide, and carbon tetra- 
chloride, was discovered in 1869 by Schfitzenberger*® who noticed 
that when sulfur trioxide and carbon tetrachloride were mixed 

M Aim. S«ppi. 7, 101. 

“Ber. 26,1990. 

C.E,169, 17. 

Gazetta (1920), 5, i, 30. 

«C.K.e9,362. 
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the smell of phosg^e became immediately apparent, and a 
steady stream of the gas was evolved on gently warming the mix- 
ture, sulfuryl chloride remaining behind in the residue. 

In the same year Dewar and Cranstom^ obtained phosgene by 
heating together a mixture of chlorsulfonic acid and chloroform: 

CHa, + HS0,C1 - COCU 4 - 2 Ha so. 



and the work was repeated by Armstrong^* who added the fact 
that hexachlorethane behaved in the same manner; 

0,0. + SO, = K),C1, + 2 coo, 


wCh*Hn.News.20, 174. 
«^. 8 , 730 . 
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“Oleum” can take the place of pure sulfur trioxide, the most 
suitable concentration of SO» being 45 per cent (corresponding 
to the acid HsSjOt) when the reaction takes the comse:” 

ecu + HiiSOi-SO, = COCU + 2 SO,- HQ 

while if less than 45 per cent of sulfur trioxide is present in the 
“oleum” the excess of sulfuric acid over that required for the 
above equation remains unaltered. If the sulfur trioxide is in 
excess of 45 per cent, this excess is said to react according to the 
equation: 

ecu + 2 SO, = COCU + s,o,cu 

Maugin and Simon^^ expressed the reaction between carbon 
tetrachloride and sulfuric acid of less than 100 per cent strec^h 
by the following equation: 

(1 + x) ecu + HiSO* + xH,0 = SO,HCl +(! + *) COCU + (1 + 2x1 HCl 

This process, using as it does, large quantities of “oleum” and 
carbon tetrachloride cannot be considered commercially, £dthou^ 
its use attained commercial dimensions in Italy, during the late 
war, when large quantities of phosgene were required for offenave 
purposes. The reaction between pho^horus pentoxide and 
carbon tetrachloride was discussed by Gustavson.^^ He fotmd 
that when one molecule of phosphorus pentoxide reacted with 
two of carbon tetrachloride phosgene and pho^horus oxychloride 
were produced, but that when three molecular proportions of the 
carbon tetrachloride were present no phosgene was observed: 

i. p,o, + 2 ecu = COCU + CO, + 2 poa, 

ii. 2 P,0, + 3 ca, = 3 CO, + 4 poca. 

The process which is exclusively used for the large scale manu- 
facture of phosgene is that involving the combination of carbon 
monoxide and chlorine in the presence of a suitable catalyst. 
This process was discovered by Patemo** who passed tiie dried 

J. Russ. Phys, Chera. Soc. 52, 1. 

*»Z.Chenu (2),7,615. 

Gazetta. 8, 233- 
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gases tlirough a tube packed with animal charcoal, and found 
that their combination was attended by so great an evolution 
of heat that artificial cooling of the tube had- to be resorted to. 
Atkinson, Heycock and Pope“ showed that to obtain the best 
effect the charcoal had to be specially prepared, since many 
commercial samples of animal and vegetable charcoals were al- 
most catal 3 d;ically inactive. They foimd that the best method 
of preparation was as follows. Freshly crushed ox-bones were 
heated in sand until no fmiiher volatile matter was produced. 
The residual charcoal was then extracted with hot hydrochloric 
acid washed with water and reheated in sand. The bone char- 
coal was further heated in a current of chlorine for several hours. 
The investigators found that with a U-tube packed with this 
charcoal and maintained at 40° to 50° combination took place 
so rapidly that the gases could not be fed in fast enough. The 
effect of diluting one of the gases with hydrogen was examined, 
and it was found that if the temperature was kept below 70° 
no hydrogen chloride was produced; at 80° a slight amount w4s 
obtained, and at 90° and above, the formation of hydrogm 
chloride was considwable. 

Among the other reactions, of less importance, that ^ve rise to 
the formation of phosgfflie, the following are the most outstmding : 

1. The action of mbon monoxide on platinio chloride, to give the 

substance Pt-CXl'Cls, whidbi decomposes on heating into 

spongy platinum end pho^ene.^-^ 

2. The decomposition of certain oxides with carbon tetrachloride®* 

at traoperatores about 300°. Thus: 

ecu 4 - MO - OOCU + M-a» 

3. Heatii^ the lead ore “phosgenite” whidh decomposes to some 

ext^t according to the reaction: 

Pbta»oo, = 2 Pbo OKa, 

“j.c.s.m, 1410. 

** Ann. Chem. Hiys. (4), 21, 358. 

** Ann. Suppl. 8, 242. 

.** Z. Aitgew. Chem. 37, 314. 
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4. The use of other substances as catal3^ts in the carbon monoxide- 
chlorine combination reaction. Thus, Hotnikow*® found 
that metal salts, especially anhydrous aluminium chloride 
would serve instead of charcoal A mixture of carbon monox- 
ide and chlorine passed over anhydrous aluminium chloride 
at 30“ to 35“ gave a good yield of pho^ene, which the in- 
vestigator attributed to the formation and decomposition of 
a complex (AlClj)x(COClj)y. 

THE PROPEBTIES OF PHOSGENE 

Phosgene is a gas without colour, but with h peculiar smell; 
it does not usually fume in air, althou^ it decomposes water 
according to the equation: 

COCl, + HjO - 2 HCl + COs 

The boiling point of phosgene has been determined by several 
observers and Beckmann*’^ gave it as 8 .2°/756 mm. a value which 
agrees fairly well with that obtained by Atkinson, Heycock and 
Pope.^ The vapour pressure of phosgene at various tempera- 
tures was determined by Patemo and Mazzuchelli and later 
over a more extended range by Atkinson, Heycock. and Pope 
(loc. cit.). These latter investigators determined the vapour 
pressure of phosgene at temperatures from —183°^ to 100“ iming 
different forms of apparatus, one for hi^, and one for low 
temperature. The apparatus shown in figure 2, was used for the 
temperatures from —183“ to 10“. The thermc^onction sealed 
throu^ the jTmction A passes into tee liquid phosgene, which is 
distilled into the vessel by ai^aching a bulb containing pure 
phosgene to the tube B and, whilst O is lowered distilling the 
phosgene into D, which is suitably cooled. TlLe measurements 
of tee variation of tee vapour pressure with the temperature 
can be read off directly on the mercury manometer and the 
teMmojunction. For hi^er temperatures, where tee mercury 
manometer is of no use, the special apparatus shown jn‘figure 3 
is used. , The pure phosgene was sealed up in vacuo over mercury, 

” 3. Russ. Hrys, Chsta. Soe. 48, 457. 

" Zeit. Anoi^, Ohm. 55, 370. 
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whilst dipping below the surface of the mercury was placed a 
mercury manometer of the closed pattern, the inside of which 
had been previously silvered. Thus by nxaintaining the tube in 
a bath of water at constant temperature the vapour pressme, 



Fig. 2 


althoT^' not readable directly, could be calculated from the 
amoimt of silver removed by the mercury from the insi de of the 
manometer. The values obtained are i^ven in tabular 
graphical form. (See table 2.) The solubility, density and 
other i^ydcal data were v^ fully investigated by the last 
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named authors, and their numerical results are given, in part, in 
table 3. The melting and freezing points of phosgene were 
foimd to be —126 and —128“ respectively, the figure for the 
melting point being sli^tly lower than that [—118°] given by Erd- 
mann.®* The variation of the density and temperature are given 
in table 4. 



Fio. 3 


As a solvent phosgene off^s the advantages of dissolving a 
number of substances which are otherwise difdcult to get into 
solution, and for this reason is a suitable liquid for the determina- 
tion of molecular wd^ts by the alteration of the boiling point. 

» Aimalen. (1908), 362, 148. 
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METHOD DEED 

Water-bath 

Water-bath 

Water-bath 

Melting ice 

Ice and salt mixture 

Freezing point of mercury . 

Solid COs and ether 

Boiling liauid oxveen 


TABLE 2 


TEMPEBATXTBB 

PRESBDEE 


mm, Hg 

100 

16.07 X 760 

50 

5.11 X 760 

17.5 

1105.5 

0 

568.3 

-19 

236.0 

-39 

.89.5 

-79 

4.0 

-183 

0.0 



Bedbxtann and' fotmd t&at tlie molecular elevation eon- 
^iant ’was 29, agreed very well witli the value obtained by 
Atkinson, Heyeock and Po^ Ooe. cit.) by ealeulatim (28-29). 


Zxai. Amoxs. C%eiB. S6, S71. 
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Beckmann obtained a value of 264. for the molecular weight of 
iodine by the elevation of the boiling point of phosgene solution 
indicating the existence of double molecules I 2 in such a solution. 
In acetic acid he found the value to be 124. 

The heat of reaction of phosgene was given by Berthelot*® as 
18,800 from data obtained from the heat of absorption of phos-' 
gene in alkali solution. Thomsen** pointed out that the absorp- 
tion of carbon dioxide in Berthelot’s experiments was incomplete, 
and gave as the result of his own work the two values 26,620 and 


TABin 3 

Solubilities of phosgene 


SOLVENT 

TEMP. 

VOLS. 

1 

TEMP. 

VOLS. 

TEMP. 

VOLS. 

TEMP. 

VOLS, 

Toluene 

5 

17 

244.7 

23.5 

124.2 

30.6 

79.39 

31.5 

79.38 

Xylene 

12.3 

29.8 

457.3 

71.24 

16.4 

225.6 

16.9 

217.9 

23.8 

103.4 

Creosote oil 

16.2 

77.42 


1 





Petroleum b.p. 180-280 . 

, . 

12.3 

263.8 

15.8 

163.1 

16.7 

143.4 

22.4 

79.5 

Heavy lubricating oil . . . 

•{ 

23.7 

15.6 

71.2 

79.7 

19.9 

23.5 

49.2 

39.3 

30 

31 

48.6 

24.5 



Nitrobenzene , 


16.8 

106.4 







a-Chloronaphthalene . . . 

, . 

17.0 

104.5 







Chlorobenzene 


12.3 

422.1 

16.6 

204.1 

16.7 

221 

24.2 

99.9 

Acetylene tetrachloride . 




16.8 

149.7 

25.1 

89.4 

29.9 

24.9 


25,650 whilst that calculated by In^eson* is 25,500. Thomsen 
also gives the following values : 

C + O + CU" 55140caIs.. 

CO + Cl) = 26140 cals. 

COCl, + Aq. = 67970 c^. 

THE DISSOCIATION OP PHOSGjENB 

The dissociation of phosgene into carbon monoxide and 
chlorine is extensive at temperatures above 300° and the extent 
of such dissociation has been determined by several investigators 
using vafious means. The earliest work was that of Bodenstein 

»»C.E. (1878), 87,671. 

” Ber. 16, 2619, (1883). 

* Private oommumcation. 
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and Ihinant®* who worked at the temperatures of 503°, 563°, 603°, 
and obtained values which can only be considered as a rou^ 
approximation to the truth. In 1909 Horafc** published a series 
of results over temperatures from 384:° to 600° and obtained a 
set of results which correspond to a hi^er degree of dissociation 
than that which has been found to exist, while in 1920 Atkinson, 
Heycock and Pope (loc. cit.) published a very irregular set of 
results which err on the other side, and express a degree of dis- 
sociation less than that observed in practice. Their results suffer 
from the fact that with the method used it was impossible to freeze 
the equilibrium before partial recombination of the gases had 
taken place. 


TABLE 4 


TSMPaBATTTBB 

DBNBITT PSB CUBIO 
CEimilBTEB 

TBlfPBBATnBB 

DBN81TT PBB CUBIC 
CBSTTZMBTBB 


Orama 


grama 

-no 

1.685 

-20 

1.481 

-100 

1.633 

-10 

1.459 

-90 

1.640 

0 

1.435 

-80 

1.617 

10 

1.412 

-70 

1.594 

20 

1.388 

-60 

1.572 

30 

1.363 

-50 

1.549 

40 

1.338 

-40 

1.526 

50 

1.314 

-30 

1.504 




Eecently, the matter has been cleared up to a great extent 
by two series of careful and painstaking research^, by Boden- 
st^ and Plant** on the one hand, and by Ingleson on the other. 
The forma: investigators obtained results which correspond 
very well with those of the latter, who by working at carefidly 
r^ulated temperatures, and taking great precautions that the 
true equilibiium was the one examined, were able to obtain very 
consistent results. In a long series of preliminary experiments 
In^eson found that trustworthy results could not be obtained 

** Z. Phys. Chem. $1, 437. 

»»(See34). • 

** Z. Phys. Chem. 110, 399. 
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by tbe heating of phosgene in ^ass bnlbs and that the use of a 
quartz bulb was necessary. They also foxmd that more reliable 
results were obtained by the measurement of the actual disso- 


TABinS 


TEMFEBATTTBB 


AUTHOS 

603 

15.0 

BD 

553 

38.0 

BD 

506 

612.5 

AHF 

505 

379.0 

AHF 

505 

105.4 

AHF 

503 

78.2 

BB 

500 

137.5 

H 

486 

209.5 

AHF 

481.4 

151.6 

I 

475 

223.9 

H 

460 

298.7 

AHF 

451.3 

264.8 

BF 

450 

343.9 

H 

449 i 

425.0 

AHF 

444.1 

348.2 

1 

443 

419.1 

AHF 

425 

630.7 

H 

415 

717.9 

I 

413.6 

719.5 

BP 

406 

1414.0 

AHF 

404 

1123.0 

♦ H 

400 

954^ 

AHF 

399 

1365.0 

H 

394.6 

1230.0 

BF 

389 

1409.0 

I 

384 

2054.0 

H 

373.^ 

1884.0 

BF 

357 

3654.0 

I 

341 

8281.0 

AHF 


BD^ Bodenstein and Dnnanti BF, Bodenstein and Plant; AHF, Atkinaon Hay- 
cock and Pope; 1, Ingleson; Horak. 


cation pressure than by the freezing of the equilibrium and 
estimation iodometrically of the free chlorine. 

A table containing the values of K,, the dissomation.constants 
at various temperatures is pven (table 5). 
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Perkm” in Ms exaiDoination of the magnetic rotation of organic 
compounds, investigated the series, (a) phosgene, (&) ethyl 
cMorocarbonate and (c) diethyl carbonate and found that the 
difference between the magnetic rotations of the first pair was 
unequal to that betweep the values of the second pair. • Del^pine*® 
in a series of researches dealing with the variations of physical 
constants obtained by substituting sulfur for the oxygen of 
organic compoimds was not able to obtain very conclusive results. 
A typical series of values correlating boiling point and constitu- 
tion gave the results ia table 6. The critical constants of phos- 
gene were obtained by Hakespill and Matthiesen®^ by carefully 
heatiug pure phosgene enclosed in a tMck glass tube embedded 
in electrically heated copper and aluminium blocks. Their 


TABLE 8 


OXYGEN COMPOUND 

B 

SULPHUE COMPOUND 

D 

DIPP. 

Carbon dioxide 

-79 

Carbon disulphide 

47 

2X63 

Carbonyl chloride 

S 

Thioearbonyl chloride 

7S 

65 

Acetic anhydride 

137 

Thioacetic anhydride 

157 

20 

Purane 

32 

Thiophene 

84 

52 

Phosphorus oxychloride 

110 

Phosphorus thiochloride 

124' 

14 


value for the critical temperature is 183 ± 0.5° comparing well 
with the value 190°*calculated from the Ostwald equation: 

a =. I {2Te - T) 

One of the peculiar physical properties of phosgene is its ability 
to arrest certain isomeric changes. In 1908 Lowry and Magson’® 
nbted that certain nitrocamphor solutions in cMoroform failed to 
give mutarotation phenomena. The presence of small traces of 
acid in the chloroform was also observed to arrest this change 
(n/ 100 acetic or hydrochloric). The ^tive agent was shown to 
be the phosgene produced in an acid solution of chloroform. 
The presence of an extremely small trace of piperidine (n/10,000) 
g&fe chlortrfoftn, soMlaans in wMeh showed, at first, rapid mutaro- 

•» Chejn. News. 89, 224 (18S4). 

“ 0. B. 1», 727. 

« Bull. Soc. Chim. 

»» J. C.8.9S, 119, (1908), 
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tation, but which on keeping, gradually lost Uie ability of making 
active solutions. On the addition of further piperidine, however 
the activity was restored. 

REACTIONS OP PHOSGENE WITH INORGANIC COMPOUNDS ■ 

With eferaerefe 

Phosgene reacts with a number of metallic elements, especially 
on heating, to ^ve the chloride of the metal and carbon monoxide. 
Many of the light elements — ^sodium, potassium etc., — ^react at 
the ordinary temperatures, but zinc, magnesium etc., only 
react on warming.** It was pointed out by Ribeau*®>" that 
this reaction was probably the basis of Hie older method for the 
preparation of metallic chlorides by heating a mixture of the 
oxide and charcoal in a current of cMorine. It k supposed that 
the oxide and chlorine in the presence of carbon ^ve phosgene, 
which reacts with the metal or metal oxide to ^ve ,the chloride. 

It has been found, also, that phosgene is capable of exciting 
the emission of electrons from the surface of sodium and potas- 
sium. Thus when sodium or potassium,*® or an alloy of the 
two metals, is exposed to a very low pressure of phosgene, elec- 
trons are emitted and the metal acquires a positive charge, even 
in the complete absence of li^t. The metal is charged to . the 
extent of about one volt. The phenomenon has also been ob- 
served by Richardson.** 

The interaction of carbonyl chloride and fluome is of interest 
in that it gives rise to a substance which may possibly be carbonyl 
difluoiide. This reaction is scarcdy to be expected in view of the 
relative strengths of the halogens, and Humiston** observed that 
fluorine had no action on Kquid phosgene. When, however, 
fluorine and phosgene are pas^ throu^ a copper tube filled 
witii calcium fluoride heated to 200° and the issuing gas^ con- 

^ Jabregfberic^t^. Fortin Fliys, Wiss. 16, 162 (1837). 

E.161, 1432, 

C. R. (1862), 1160. 

" Ann. I^ysik. 36, 308. 

« Trans. Roy. Soc. 222A, 1, 43. 

*^J.Phys.Chem,23,572. 
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densed, a yellow liquid is obtained B.P. —42®. It is plosive 
and biglily reactive, and is thought to be carbonyl fluoride COF*. 
Attempts made during the war for the production of carbonyl 
fluoride on a large scale failed. 

WiOt aluminium halides 

The reaction of phosgene with aluminium halides gives rise to 
some interesting compoxmds. Baud" investigated tbe interac- 
tion of phosgene with almninium chloride (anhydrous), and ob- 
tained, in the cold, a solid compound which analysed out at 
AlaCle-SCOClj. On warming the compound to 30® the vapour 
pressure becomes equal to 760 mm. and phosgene is evolved im- 
til the formula of the remaining compound is AljCU-SCOCh. 
This latter compotmd is a syrupy liquid solidifying at 9° but 
it loses a further two molecules of phosgene at 65® giving 
a crystalline compound AlxCle'COCU, which retains the last 
molecule of phosgene up to 150®. It was the existence, of these 
complexes that led to the hypothesis that similar complexes 
between aluminium chloride and halogenated compounds were 
responsible for the Friedel-Crafts reaction. With anhydrous 
aluminium iodide" there is a strong reaction even at the ordinary 
temperatures, while, when phosgene is passed into aluminium 
iodide heated to 200® in an air-bath, a thick fluid is obtained 
crystallising to a brown solid on cooling. It analyses out as 
A1,(CO)2’C1s-I. 

CABBOimi BBOMmn 

Be^on^’^ made an unsuccessful attempt to prepare carbonyl 
bromide by the interaction of phosgene and aluminium bromide: 
A very small quantity of a yellow liquid B J*. 63° to 66° was 
obtained. Later Bartel" was more succesrful, and by reacting 
phosgene with a lar^ excess of aluminium iodide obtained a 
yellow liquid which on fractionation gave a yellow liquid B.P. 

1688. 

^ C- Z. Ano]^. CJhem. 56, 49. 

*^aE.120, 190. 

** Z, Aaorg, Chem. 66, 152. 
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58® to 60® consisting of a solution of bromine in carbonyl bromide. 
A reddish-brown solid remained behind which had the composi- 
tion AlChBr, so that, presumably, the reaction takes the course : 

AlBr, + COCls = COBrj + AlClsBr 

If the phosgene be in excess of the aluminium! bromide, a reaction 
takes place, but no carbonyl bromide can be isolated, the com- 
pound COClBr, being exclusively produced. Carbonyl bromide 
dissociates very easily at ordinary temperatures and cannot 
therefore, be obtained free from bromine. In this connection 
it may be noted that Berthelot^* had previously, (and unsuccess- 
fully) tried to prepare carbonyl bromide by the photochemical 
combination of bromine and carbon monoxide. It was found by 
Bonhoeffer®® that carbonyl bromide was decomposed by light, 
even when the latter had been filtered throu^ bromine vapour; 
the rapidity of the decomposition was almost too great for meas- 
urement, and violated Einstein’s Law. It may be of interest to 
recapitulate the work done on carbonyl bromide. In 1905 
Bartal®‘ prepared the substance in some quantity by reacting 
phosgene and boron tribromide at —20®, when the reaction pro- 
ceeded according to the equation: 

BBr, + COCli “ C30Br, + COClBr + BGl, 

The mixture was distilled and the following fractions collected: 


X. 

-20’’ to 12” 

Bxcess of phosgene 

2. 

12” to 20° 

Boron trichloride 

3. 

30° to 40° 

Carbonyl chlorobromide 

4. 

60° to 70° 

Carbonyl bromide 


Besson*® obtained a very small quantity of carbonyl bromide by 
the passage of a mixture of phosgene and hydrogen bromide 
through a tube heated to 200®. Other attempts, such as the 
interaction of phosgene and phosphonium bronodde were unsuc- 
cessful. In the latter case the reaction proceeded tiius: 

1 . 6 PHiBr + 5 COCU = 10 HCl + 6 HBr -1- S CO + 2 PH, + P,H, 

2. 4 PHJ + 8 COCl, = 16 HCl + 8 CO + PsI* + 2 P 


« C. R. 87, 671. “ Ana. 846; 381. 

“ Z. Physik. IS, 94. « C. R. 130 , 140. 
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An attempt to prepare sdenophosgene by the reaction: 

SeH, + COa* = CSeCl, + H,0 

resulted in the reaction: 

SeHj + 2 COCls = 2 CO + SeCl, + HCl 

An attempt to“ prepare carbonyl dicyanide by the action of 
phosgene upon an aqueous solution of the potassium cyanide at 
— 10° led to the formation of an addition product between potas- 
sium cyanide and phosgene to which the formula 1 has been 
arbitrarily assigned. It 


KN 
KN=i 


=< 

< 


Cl 

CO 

Cl 


Formula 1 


breaks, up into potassium chloride, potassium carbonate and 
az nlTni n acid. It was also ascertained that phc^ene and silver 
cyanide were mutually inactive at temperatures up to 150°. 
The action of phosgene on hydrogen peroxide has been shown by 
Kleinstuck*^ to lead to the formation of formaldehyde according 
to the equation: 

Cl H 

/ / 

CO +2KOH + H3(Oi-CO +H^ + 30 + 2KC1 

\ \ 

a H 


indicating that it behaves as the true acid chloride of carbonic 
acid. 


PHOSGENE AND OXIDES 

By heating metal oxides and charcoal in a current of chlorine, 
it was found possible to prqiare the chloridas,“ but a simpler 

“ Nef . Ann. 287, 309. 

u Eleinstueek. B. 51, 108. 

u (Erstedt. Ober. D. Tid. Serbefcs. Fort. 26, 1824. 
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and neater way is to heat the oxide in a current of phosgene when 
the pure anhydrous chloride is obtained.®* Examples of this 
reaction with the optimum temperature are ^ven in table 7. 
Chauvenet®^ points out that in many cases the chloride sublimes 
in a very pure state; thus, for example, thorium tetrachloride 
sublimes in fine prismatic needles, stannic chloride distils over 
and ferric chloride sublimes in deep garnet red crystals. 

Sulfides react equally easily with phosgene®* giving the chloride 
of the metal and carbon oxysulfide according to the general 
equation: 

MS + COCU - COS + MCI* 


table; 


OXIDB 

TBM- 

PE»A- 

TTIBB 

CHltOBIDB OBTAINISD 

OXIDE 

TBM- 

PBEA- 

VUBB 

CHLORIDE 

OBTAINED 

Vanadic acid 

350 

VaCl4 

Beryllium 

450 

Bea» 

Tungstic acid 

250 

WOiQ* 

Aluminium 

400 

Aia, 

Tantalic acid 

400 

TaCU 

Iron 

350 

FeCU 

Titanic acid 

400 

TiClr-TiO^Cls 

Chromium 

600 

Crca, 

Silicon dioxide . 


No reaction 

Manganese 

450 

MnCU 

Zirconia 

400 

ZrCli 

Nickel 

550 

Nidi 

Thoria 

650 

ThCU 

Uranium 

450 

UCI4 

Tin oxide 

400 

SnCU 

Cerium 

600 

CeCl 4 

Barium oxide 

500 

BaCls 

yttrium 

600 

YCl* 

Magnesium 

450 

MgCls 

Lanthanum 

600 

Lad, 

Zinc 

450 

ZnCU 





The temperature and products of reaction of the metallic sulfides 
with phosgene have been recorded (see table 8). This reaction 
was used by Nuricsau®* for obtaning a fairly pure carbonyl 
sulfide. Cadmium sulfide was found the most suitable sulfide and 
was plaeed (alone, or mixed with asbestos) in the tube A of the 
apparatus shown in figure 4. The tube is heated to about '400° 
and a slow stream of pho^ene dried over sulfuric acid is passed 
when a steady stream of carbonyl sulfide is obtained. This is 

Chauvenet. C- R, 162, 87. 

” Chauvenet. C. R. 147, 1046, 
w Chauvenet. C. R. 162, 1250. ^ 

wNuricsau. Ber. 24, 2967 (1891). 
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washed with strong caustic potash solution and dried over solid 
potash. The gas so obtained is about 96 per cent pure. 

The natural silicates and phosphates are not so easily decom- 
posed by phosgene as the oxides or sulhdes, but on heating to 
1000° decomposition takes place with many minerals according 
to the equation:®® 

3-MO.PsO. + 6 COCls = 3.POC1, + 6 COj + 3-MCls 

Examples of- such decomposition are: 

Fmanife. Fea-CPO^ls-SHsG. . Ferric chloride sublimes. 


TABLES 


SULPHIDB 

TOVMTTLA 

TBMPEBATnRS 

PRODUCT 

Antimony sulphide 

SbiS> 

300 

SbCls‘ 

Bismuth sulphide 

BisSs 

350 

BiCl* 

Barium sulphide 

BaS 

400 

BaCU 

Zinc sulphide 

ZnS 

400 

ZnCl* 

Cadmium sulphide 

CdS 

400 

CdCU 

Copper sulphide 

CuS 

450 

- CuCIj^ 

Mercuric sulphide 

HgS 

350 

HgCU 

Iiead sulphide 

PbS 

350 

PbCls 

Iron sulphide 

FeS 

350 

Fea, 

Manganese sulphide 

MnS 

450 

MnCU 

Nickel sulphide 

NiS 

450 

NiCU 


Pyromorphite. 3-Pb*P*0«*PbCl2 gave lead chloride, PbCh 
some of wMch sublimed. 

XJranite, Gave volatile uranium tetrachloride, calcium chlo- 
ride remaining behind: 

P,0».2.U0*-Ca0 + 8-COCU - S-POCl, + S-CO* + 2.UCU -I- CaCls 

Mojumle. Thorium chloride sublimes. 

Silicates react according to the following equation: 

MSiO, + COa, = SiO» + CO* + Ma, 

Examfdes are i^ven in table 9. 

Thus the action of phosg^e on these minerals offers a method 


Barl«>t and C^u^net. C. B. 167, 1163. 
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for the extraction of thoriiun from monazite sand and for the 
“opening up” and analysis of refractory minerals, while it has 
been proposed to manufacture phosphorus oxychloride by the 
action of phosgene <m precipitated ferric phosphate at 300° to 
350 °.«^ 


THE DETECTION AND ESTIMATION OP PHOSGENE 

Phosgene is easily detected qualitatively by aspirating the gas 
suspected of containing it through a saturated aqueous solution 
of aniline. After two hours standing the diphenylurea is filtered 
off and identified by its melting point 99°.** If the precipitate is 
wadied with water and dried at 70° the weight gives a compara- 
tively accurate idea of the amount of phosgene present. A 
variation of this method for quantitative estimation, which gives 


TABLES 


KXNEBAli 

TEMPEBATUBB 

NATITBB OF BBAOTIOK 

Thorite 

1000-1150 

Chloride sublimes 

Gadolinite 

1000-1150 

Chloride sublimes 
Chloride sublimes 

Cerite 

1000-1150 

Zircon 

1250 

Chloride sublimes 
No action 

Eknerald 

1500 


more accurate results, consists in treating the precipitate of s- 
diphenylurea by the Kjeldhal process, estimating the amount 
of ammo ni a formed colorimetrically by the means of Nessler’s 
solution.** 

Chloroform which is to be used surgically for the production of 
anesthesia, is tested for the presence of pho^ne by the aniline 
test above, which is stated to detect small traces. The corre- 
sponding test with p-phenetidine** is, however, more sensitive. 
The chloroform (5 cc.) is dissolved in pure dry benzene (15 cc.) 
and one drop of p-phenetidine added. A turbidity due to the 

Jacobs. X7. S. Patent. 1462753. 

Kling and Schnitz. G. R. 168, 773. 

«3 Kling and Scbnitz. C. R. 168, 881. 

** Scholbein. B. Deut. Phann. Gesell. 3, 213. 
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presence of s-di-(4-ethoxy phenyl) urea indicates the presence of 
phosgene. 

The best method of estimating phosgene in a mixture of gases®* 
is by absorption. Atmospheric moisture decomposes phosgene 
comparatively slowly, and acid solutions retard absorption. 
The method which has been found best is to pass a known volume 
of the gas (from 2 to 3 litres) in 8 to 10 hours through 10 cc. of 10 n 
caustic soda solution dissolved in 50 cc. of 95 per cent alcohol. 
After the gas has been passed, the solution is evaporated on the 
water-bath ' and the sodium chloride formed estimated in the 
usual way. The accuracy of the method depends on the absence 
of hydrogen chloride or chlorine in the gas. If the phosgene is 
contaminated with these gases the analysis is correspondingly 
more difficult. Bertholet had to resort to the following cumbrous 
series of operations for the estimation of phosgene in admixture 
with air, carbon monoxide and chlorine. The chlorine was 
removed by shaking with naercury, the phosgene by warming with 
potassium, the oxygen by pyrogahate and the carbon monoxide 
with cuprous chloride. The residue was read off as nitrogen. 
Various iodometric methods have been used for the estimation of 
phosgene in the presence of chlorine, for the purposes of deter- 
mining the amount of dissociation of the phosgene (q.v.). The 
iodometric methods are not accurate and depend for &eir action 
on the assumption that phosgene in passing throu^ a solution 
of potassium iodide liberates no iodine — an assxnnption which is 
scarcely justified by facts. 

The presence of chlorine is a source of secondary impurities in 
phosgene which is packed or transported in iron containers, since 
it converts the iron into ferric chloride which is soluble in phos- 
gene to the ^tent of one part in a thousand. Phosgene also 
occurs as an impurity in commercial samples of titanium tetra- 
chloride. It can be estimated therein by dissolving 5 or 10 cc. of 
the sample in 125 cc. of dilute hydrochloric acid, and aspirating the 
carbon dioxide formed by the decomposition of phosgene, through 
a mixture of 25 cc. of 2 n caustic soda and 50 cc. of n/ 5 baryta. 

« Bertholet. Bvdl. Soo. Chim. N.S. 18, 9, (18TO). 
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The carbonate produced is estimated by the usual titration with 
acid. 

The presence of hydrochloric acid in phosgene is, however, 
more easily and accurately determined. The following method 
is used. Finely powdered mercuric cyanide (6 grams) is placed 
on the bottom of a 1-litre flask furnished with two exit tubes and 
taps. A sealed bulb containing a weighed amount of phosgene 
(about 1 gram) is also placed on the floor of the flask and the 
latter evacuated. The flask is then shaken to break the glass 
bulb and liberate the phosgene. Any hydrogen chloride present 
liberates hydrocyanic acid from the mercuric cyanide which is, 
however, unattacked by phosgene. After 12 to 14 hours the 
gases are aspirated off through n/2 caustic soda solution, and the 
cyanide titrated against n/10 silver nitrate solution after the 
addition of 5 cc. of ammonia solution (d = 0.880) and 1 cc. of 
10 per cent potassium iodide solution. 

THte REACTIONS OF PHOSGENE WITH AMMONIA AND PRIMARY AMINES 

Davy (loc. cit.) in his original paper noted that ammonia and 
phosgene reacted, but Begnault®* was the first to investigate the 
nature of the reaction. He prepared his phosgene by the older 
photochemical method and observed that four volumes of am- 
monia were required to neutralise one of phosgene. He isolated 
from the white substance produced — ^formerly thox^t to be a 
eonqpound of ammonia and phosgene, or “chlorocarbonic acid" 
as it was then termed — ammonium chloride and a white sub- 
stance which was at first thou^t to be urea. It failed, however, 
to ^ve the precipitate with nitric acid, characteristic of urea, 
and gave instead a brisk effervescence. These facts led Regnault 
to surest that the substance was an isomer of urea to which he 
gave the provisional name of “carbamide.” It seems probable 
in view of the privities of urea, that the nitric acid used by 
Renault w^ highly contaminated with nitrous acid. Hofmann*^ 
in 1849 repeated the reaction and obtained ammonium chloride 

“ Ann. Ctum. Pk?8. (2). 69, 189 (1838). 

» Hoimann. Ann. 70, 139 (1849) . 
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and Tirea as did Natanson** seven years later. Both these latter 
investigators were able to obtain the characteristic precipitate of 
urea nitrate. Natanson considered this ssmthesis of urea to be 
a sequel to the work of Wshler in 1828 and remarks; “Es ent-' 
steht hier also der HamstofF aus drei sogenannten anorganischen 
Gasen, das Chlor, Kohlenoxyd und Ammoniak.” Bouchardat** 
extended this work on the reaction of ammonia and phosgene 
and observed the formation of guanidine, cyanuric add and a 
compormd which he termed “melanuiic acid” and which is, in 
all probability, C 3 rammdide. Fenton^® proved the presence of 
turea in the reaction product by the reactions with hypochlorite, 
by analysis and by the crystalline form. He also identified 
microscopically some guanidine sulfate. 

Gattermann and Schmidt" passed phosgene over ammonium 
chloride heated to 400° in an air-bath. A colourless liquid dis- 
tilled over which on standing gave bri^t needles of urea chloride 
(or carbamic chloride), NHs*CO-Cl, mdting at 50°. The sub- 
stance has an unpleasant smell, fumes in air and commences to 
distil at 60° with much decomposition into hydrogen chloride 
and isocyanic acid. With water the compotmd decomposes 
thus: 

a OO-NH, + Hrf> - CO, + NH4a 

whilst on standing it decomposes into hydrogen chloride and 
cyammelide. Its use as a synthetic agent wiU be discussed later. 

Werner" has suggested a complicated mechanimi for the reac- 
tion of phosgene with ammonia. He investigated the yields of 
various substances when ammonia and phos^ne are allowed to 
react at varioxis temperatures, pure dry ammonia being pa^d 
throu^ a 3 per cent solution of phosgene in pure benzene. His 
results are given in table 10. He argues from this table that 
since the amount of mea increases as the temperature incmases, 

** Natanson. Axm. 98, 287 (1856). 

•• Bouchardat. C. R. 69, 962 (1868). 

« Fenton. J. C. S. 86, 793 (1879). 

n. Gattermann and Schmidt. Ber. 80, 8SS. 

” Werner. 
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it must be produced by rearrangement of ammonium cyanate 
produced in a somewhat roundabout way: 

Cl Cl HOCN Cyammelide ^ 

/ / ^ 

CO +2NH, :CO HCl 

\ \ . 

Cl NHj NH4CI HNCO Cyanurio acid. 

In view of the extreme local heating obtained in reacting these 
substances, it seems that the reaction may go partly in the di- 
rection indicated, but it is more likely that the urea chloride 
(if formed) would react immediately with ammonia thus: 

2 NH, + a-CO-NH, =. NHj,.CO-NH» 

TABLE 10 


TEMPBBATt7BB 



20.25 

40.5 

05.7 

XJi8a 

31.7 


41.2 

Biuret 

14.4 


7.8 

AnriTriPiliilft 

7.65 

8.6 

10.6 

Cyamxric acid 

3.48 

6.4 . 

5.95 

CyazDinclide 

0.69 

Trace 

None 



than that decomp(^tion would take place, followed by urea 
synthesis from ammonium cyanate formed as fourth product in 
the chain of reaciaons. Two other pmnts in Werner’s theory 
of the mechanism of this reaction seem <^n to criticism. In the 
place he accounts for the formation of biuret by the action 
of Gjmue acid on ur^, a reaction which does not take place 
rat>idly or quantitatively under any circmnstances. It seems 
far more likely that the biuret is obtained by the action of Urea 
chloride on mea: 


NH.-CO-NHj + a-CX)-NH, - NH*-CO-NH-CO-NH, + HCl 

or by the action of ph<»gene, followed by ammonia on urea 

NHi-CO-NHi + COrfa, ■ ■ NH*-GO.NH.CO.a + HQ 
NH,-CO.NH.CO-a + 2 NH, - ■ NH,-CO-NH.CO.NH, + NH 4 CI 
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These side reactions would probably be less Extensive as the 
temperature rose, since the compounds contaimng the —CO *01 
group would probably be very unstable at higher temperatures. 
This would aecoxmt for the fact that the combined amoimts of 
urea and biuret is almost independent of the temperature (46.1, 
47.4, and 49 in table). 

The second point which it is difficult to see is the mechanism 
of the formation of allophanic ester on shaking the benzene 
solution with alcohol. Werner postulates the foUowii^ reaction: 

2 NHrCO.a + CjHj.OH = NH,C0-NH*C0.0-C2H, + 2 HO . 

It is more likely to be formed by the esterification of allophanyl 
chloride (produced as above) thus: 

NH,.C0.NH.C0-C1 + CtH.OH = NHi-CO-NH-COO-CsH, + HCl 


PBIMABY AlkHNES 

The primary amines react with phosgene violently with the 
liberation of much heat, which if not controlled by conducting 
the reaction in a diluting solvent leads to decomposition of the 
products. If the amine alone is used, the, product depends con- 
siderably on the conditions of the experiment. By passii^ the 
vapour of phosgene through a solution of the amine in an inert 
solvent, e.g., benzene, the symmetrical urea is almost always 
fo^ned^ 

2-R-NH, + CO-Ol, = 4-NH-OO-NHR 

but by spraying an emiilsion d amine and water into rapdly 
stirred liquid phosgene a quantity of the isocyanate can be 
obtained: 


R.NH, + co-ca* - a-Nco + 2 .Hca 

This method of obtainmg the isocyanate is not convenient, and 
the yield ^ not good. It is much better to heat .the well-dried, 
and powdered amine hydrochloride in a stream of pbnsgene when 
the carbamyl diloride is formed which decompiles on heatm^ 
into hydrogen chloride and the isocyanate: 

a-NH, 4- COO. - R-NH-OO-a + Ha 
R-NH-CO-a = R-Nqo + Ha 
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Hofmaim™ was probably the first to observe the action of phos- 
gene on aniline, and records that the carbanilide and aniline 
hydrochloride were produced. The method, obvio\isly, pves 
us a way of s]nitheasing almost any symmetrical urea of the 
type Among many ureas that have been 

made in this way the following, may be mentioned: 


fi-Di-4-metliylphenyl urea from p-toluidine’< m.p. 256 

s-Di-i-doiethoxypIieiiyl urea from p-phenetidine^® m.p. 174 

s-Di-m-cyinyl urea from m-cymidine^® m.p. 221 

fi-Di-4-propylplienyl urea from p-propylaniline’^ m.p. 205 

s-Di-4-butylplienyl urea from p-butylaniliue^* m.p. 283 

s-Di-2-antbraquinonyl urea from a-minoanthraquinone^® m.p. 300 


The last of these compounds is a yellow vat dye. The first 
mention of the use of phosgene for converting the amine hydro- 
chloride to the isocyanate is a note by Hentschel‘° to the effect 
that by heating carbanilide (the intermediate product) with' 
phosgene, phenyl isocyanate was formed and distilled over as 
an oil. The method was patented by Hofmann and Schoen- 
sack.” The preparation of /S-anthraquinonyl isocyanate, from 
which orange and red vat dyestuffs can be prepared, has also been 
protected^ while the reaction for obtaining the intermediate 
carbamyl chlorides has been extenmvely used in synthetic organic 
chemistry. The value of these compounds lies in their intense 
reactivity, by the aid of which the foUowmg classes of com- 
pounds can be synthesised: 

i. Urethanes. By the treatment of urea chlorides with alco- 
hols. Thus ethyl urea chloride ^ves ethyl urethane on treat- 
ment with alcohol: 

CaB[,-NH.CX).a + - OiH»*NH.CO-O.C3jH 5 + Ha 


n Hofmann. Asm. 70, 130 (18^). 

« Girard. Ber. 6, 4M (1873). 

” Muelliaeiisefr. Ber. 922 (1880). 

Eolbe and Warth. Ann. 2S1, 172 (1883) . 

” f^ranoksen. Ber. 17, 1240. 

«Pahl. Ber. IT, 1240. 

” M«ster, Lnoius and BrOning. G. P. 232738. 
** Eentsetel. B^. 17, 1284. 
n Hofmann and Sdtoetei^i^. G. F. 29^. 

** Meister, Luinns and BrOning. G. P. 232739. 
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Gattermann and Schnoidt^^ prepared a whole series of these 
compoxmds up to and including the cetyl derivative, but found 
that in the ease of these latter derivatives the reaction pro- 
ceeded eompletdy to the double compounds thus,: 


Cl + HO-E 

/ 

CO 

■nh,+ci.co-nh> 


OR 

/ 

CO +2Ha 

\ 

NH-CO-NH* 


These allophanic esters are produced with the short chain alcohols 
to some extent. These authors also investigated the action of 


TABLB 11 


COMPOUND OBTAINED 

Phenyl thioallopbanate 
a-Naphthyl urethane 
b-Naphthyl urethane 
Thymol allophanate 
Guaiacyl urethane 
Pyrocatechyl diurethane 
Besorcinyl diurethane 
Hydroquinone diurethane 
Pyrogallol triurethane 
? 

urea chloride on ethylene chlorhydiin, gl3^ol and glycerol and 
obtained the compounds 1, 11 and 111, respectively: 

CH,-C1 CH,.O.CO-NHj CH,-0-00-NH* 

I I I 

CH,.O.CO-NH, CHrO-CO-NH, CH-O-CO-NH* 

I 

CH,-0-C0.NH* 

II m 

Phenols and heteroeylic hydroxy compounds also react with 
urea chlorides to give uretl^es. In table 11 k a list of the 
compounds prepared by these reactions by the last mentioned 
authors. 



SUBSTANCE 

Thiophenol 

a-Naphthol 

b-Naphthol 

Thymol 

Guaiacol 

Pyrocatechol 

Besorcin 

Hydroquinone 

Pyrogallol 

Salicylaldehyde 


"Ann. 30. 
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2. Ureas. This second class of compounds, which may be 
synthesised by the use of urea chlorides does not need detailed 
discussion. Any unssunmetrical urea can be obtained by the 
interaction of a urea chloride with the appropriate amine, thus: 


R 


NH + Cl-CO-NH-R" = 


R' 


R 


\ 

NH-CO.NHR" + HCl 

/ 


R' 


S. Aromatic acids. There are several ways in which phosgene 
can become responsible for the synthesis of aromatic acids and 
their acid chlorides. Thus the carbamyl chloride can become 
the acid chloride of the Friedel-Crafts reaction, and lead to the 
synthesis of the acid throu^ the acid amide. Thus with toluene 
and carbamyl chloride in the presence of aluminium chloride 
we get:** 

+ CI-CO-NH* = CHt<[ )>00-NH, + HCl 


That substitution of the phenyl residue of the aryi amine does 
not often interfere with the ability of the amino group to react 
with phosgene is shown by the formation of compounds such 
as (1),** below, which is used as a red-brown vat dye, and (2) which 
is used as a Iberapeutic agent in trypanosomiasis, under the 
BLame “P.oumeau 309": 

NH CO NH 


IJ COOHHOOC I j 

N - N<^ HO<^^ )>N = N 

( 1 ) 

SO,Na NH— COr^NH CO. CO NHf^CO NH 80,Na 

”0 fT) 

NH-CO-NHk^ A >JSO,Na 


Ni^O, 



SOiNa 


SO,Na 


( 2 ) 


xSeeSS. 

« B. A. aad S. P. G. P.46737. Pried. 2,450. 
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DIAMINES 


The reaction between ortho-diaanines*® and phosgene pro- 
ceeds in exactly the manner expected, giving in the case of ortho- 
phenylene diamine, phenylene urea a compoimd occurring in 
white needles (4) 



NH— C-OH 



The corresponding 4-tolylene and 3-brom-4-tolylene compounds 
have also been prepared, while an intrarestihg dyestuff inter- 
mediate, stated to have the formula (5) is prepared from 1:2 
diaminoanthraquinone.®’ Its constitotion as oxy-l:2-anthrimi- 
dazole rests on its solubility in alkalies to give orange-red salts. 

With p-phenylene diamine** it' is posable to get the double 
isocyanate by heating the hydrochloride of the base to 200-250® 
in a stream of phosgene. l:4-di-isocyanatobenzene proves to 
be a white crystalline solid melting at 91°. It ^ves the usual 
derivatives on condensation with alcohols .and amines, and its 
vapour density corresponds to the ample formula C«H 4 - (NCO)j. 
With benzidin** the simple compound with the two isocyanate 
groups is obtained in a precisely similar manner. It crystallises 
in splendid needles and gives the usual condensation inactions, 
m- and o-Tolyiene diamines react normaliy, while compounds of- 
the type (6) react slowly to give cyclic ureas, of which (7) is an 
example:*® 



>NO, 

NO* 

(7) 


Hartmaxm. B. 23, 1046. 

Farbenfab. Heyer. G. P. 23^1. 

«« Gatterman and Wramplemeyer. . Ber. 2604. 
w Snape. J: a S. 255. 

Sachs, and Forster* Ber. 44, 1744. 
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SECONDARY AMINES 

The action of phosgene on a secondary amine generally leads 
to the formation of the carbamyl chloride which ia the case of 
the normal secondary amines is a compound of considerable 
stability. Thus, if pWgene is treated with a well cooled solu- 
tion of dimethylamine the compound dimethylcarbamyl chloride®^ 
is obtained as a clear colourless liquid. It is extremely reactive 
and ^ves rise to the same condensation^ as' the primary urea 
chlorides. The use of an excess of the amine leads to the forma- 
tion of the fully substituted urea. Thus Michler®* obtained 
tetraethyl urea from diethylamine and phosgene. He also 
obtained diphenylcarbamic chloride from diphenylamine and 
phosgene and foimd that he could obtain di-, tri- and tetra- 


TABIE 12 


COMPOT7XD 

SOUBCE 

M.P. 

Methylphenyl carbamyl chloride 

Methylaniline®* 

88 

Phenyl-b-naphthyl carbamyl chloride 

b-Naphtbylplenylamine®® 

101-102 

Di-^-naphthyl carbamyl chloride 

Di-jff-naphthylamine*® 

171 

Di-benzyi carbamyl chloride 

Di-benzylamine®^ 

An oil 

Di-p-tolyl carbamyl chl<Mide 

Di-p-tolylamine*^ 

102-103 

p-Tolyl benzyl carbamyl chloride 

p-Tolyl benzylamine®^ 

An oil 


phenyl urea by its condensation with suitable amino coinpounds.®® 
The destructive distillation of the as-diphenyl urea prepared in 
this way proceeds in a p»:uliar maimer ^vingcyanic acid diphenyl- 
amine, diphenylamine cyanide and water: 


NHi 

H*N 

NH 

N 

1 

1 

1 + 

H.0 111 

CO 

oc 

CO 

c 

i 

1 - 

^ 1 

+ 1 

N 

N 

NH 

N 

/\ 

/\ 

/ \ 

/\ 

0 0 

0 0 

0 0 

0 0 


•1 MieMer and EeehfflrUch. Ber. 12, 1182 (1872}. 
*> Mi<dder. Ber. 8, 1^ (1875). 

•* MicUer. Ber. 9, 398 (1S78). 
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This, it may be added, seems to point to theformula 0 = C = NH 
for cyanic acid.” It has been shown that' mixed aryl-alkyl 
secondary arniaes yield similar compounds to the purely aryl 
compounds, among them being those given in table 12. Among 
the more interesting experiments with secondary amines are 
those in which the latter substance is reacted with a compound 
containing two secondary amino groups in the molecule. 

Thus, Michler and Keller” found that triphenylguanidine 
gave the compound (8) and that ethylene diph^ryl diamine 
behaved similarly giving the compound (9), compound (12) bang 
to some extent produced by a side reaction. Hansen” obt^ed 
simiUt results with propylene diphenyl diamine (10), obtaining 
also some of the di-acid chloride (11). The extenaon of these 


/ ^N=C CO 

l/>-x 

( 8 ) 


CHr 




csa> CO 
1 


CHt— N— ^ 
( 10 ) 



GEi -N— ^ 
COCl 

CH, 

I COCl 
CHf— N— < )> 

( 11 ) 


CH,— N— ^ 
COCl 

CH,— N— ^ 
CO 

COCl 

CH,— N— ^ 
( 12 ) 


M Michler. Ber. 9, 716. 

^ Michler and Zimmermann. B. 12, 1165. 

«Kym.Ber. 23, 427. 

Hammerich. ]Ph.D. Thesis. Basle. Ber. 25, 1819 (1^1). 
Michler and Keller. Ber. 14, 2131. 

Hanssen. Ber. 2D, 781. 
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experiments to the tetra and penta methylene diphenyl diamines 
would be interesting, in order to observe whether seven and 
ei^t membered rings of this type can be produced. The action 
of phosgene on the hydrazides is a special case of the series dis- 
cussed above. Freund and Goldschmidt^® reacted acetyl- 
phenyl hydrazine with phosgene and obtained a compound to 
which they attached the somewhat improbable formula (13). 
Other hydrazides (tabulated below) were tried and since the 
reaction appeared to be a general one the work was extended to 
the hydrazid^ of dibasic acids, giving the diearbazides. Thus 
in the first investigation the compound from malonyl dihydra- 
zide was accorded one of the formulas (14) or (15). 


CH.OO.N— N-<^ 'f-N— N-<3 C0-N-N-<^ 

CO CO CHj CO CO 

on "III 

W CO— N— N— > 

CO— N N— ]> 

(13) (14) (16) 


In addition the compotmds ^ven in table 13 were prepared. 


Freund and Kuh^®^ st^ested that the formula of the carba- 


xmes was better represented by (16) than 

by the formulae 

previously used. 

' 


N 

1 

1 

CH,-N— N 

CO C— R 
\/ 

HSC< >C 

SC CO 
\/ 

o 

1 

CH, 

N 



CH, 

(16) 

. (17) 

(18) 


Their formula accorded well with the behaviour of the compounds, 
;and had the merit of avoiding the improbable three-membm^d 
jin® involved in the earlier formulae. The name “biazolone” 

i»e Freund and Goldsmith. Ber. 21, 1340 and 2450. 
ioi Freund smd Kuh. Ber. 23, 2061, 
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was given to sucli structures. The action, however, of phosgene 
on the semicarbazides and thiosemicarbazides, as elucidated by- 
Busch and Offennann^®® confirmed the fact that compounds of 
this t 3 ?pe are in reality represented by the cyclic formulae. In 
reacting the compound 2-benizyl-47-methyl semicarbazide with 
phosgene they obtained the compound (21) which they finally 
identified as l-benzyl-4-methyl thiazurol. This they found 
was uixstable on heating and passed over into the compound (22) 
l-benzyl-4-methyl-6-thiolendoxy triazole. The mechanisih of 
this reaction, which is somewhat obscure was investigated by 
Busch and Limpach“®>“* who isolated the interme^ate com- 

TABLE 13 


Acetylphenylcarbazine Acetylphenylhydrazine 

Formylphenylcarbazine Formylphenylhydrazine 73 

Propionylphenylcarbazine Propionylphenylhydrazme 62 

Benzoylphenylcarbazine Benzoylpbenylbydrazine 114 

Succinylphenylcarbazine Succinylpbenylbydrazine 226 

Malonylphenylcarbazine Malonylphenylhydrazine 206 

Bthylmaionylphenylcarbazine Ethylmalonylphenylbydrazine 223 

Oxalylpbenylcarbazine Oxalylphenylliydrazme 287 


pound (20) a thiodiazoldne anil, which on fusion or boiling in 
alcoholic solution changes into the triazole compound thus: 


R-NHNH, 

R-N— NH 

R-N NH 

R-N 

+ CO.C1,- 

\ 

1 1 

1 ® 11 

RN==C.SH 

CO 

C8 CO 

l/\ll 


/ 

\/ 

HS-C C 


RN=C— S 

N-R 

\/ 




N-R 

(19; 

(20) 

(21) 

(22) 


Various of these series of compoimds have been prepared, dneC 
among them bdng those shown in table 14. 


los Busch and Opferm^on. B. 37, 2336 (1904). 
Busch. Ber. 42, 4766. 

Busch and Limpach. Ber. 44, 669. 
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The action of phosgene on simple hydrazines does not seem 
to have been extensively studied. Heller^®* obtained diphenyl- 
carbazide (23) 


fiw n 

k.ylNH.NH-CO.NH.NHVy 

(23) 

by the action of phosgene on a well cooled solution of phenyl 
hydrazine. It is a cr3rstalline compound melting at 163° . Acree^®* 


TABLE U 


PABENT COMPOUND 

TBIAZUBOL. 

M.P. 

THIOL. M.P. 

BenzylmethyltMosemicarbazide 


157 

Benzylallylthiosemicaxbazide 


161 

Benzylpbenyltbic^emicarbazide 


217 

2-m-Tolyl^pIienyltMosemiearba2ide 

125 

259 

2-m-Bromphen.yl-4-phenyl tbiosemicarbazide 

118 

257 

2-in-Chlorpbfinyl-4-pheiiyl tbiosemicarbazide 

108 

260 

2-b-Napbtbyl-4-pbenyl tbiosemicarbazide 

138 

295 

2-p-Tolyl-4-pbenyltbiosemicarbazide 

14/k 

240 

2-p^Bromopbenyl-4-pbenyl tbiosemicarbazide 

170 

255 



obtained diphenyl carbazyl chloride (24) and tetraphenyl car- 
bazide by the action of phosgene on as-diphen;jd hydrazine. 



TERTIABT AMESES 

Phosgene is without action on the aliphatic tertiary amines, 
and aromatic tertiary amines react very reluctantly save in the 

Heller. Pb J). Tbeds. Ann. 963, 269. 

^ Aeree. Ber. 26, 3154 (1903). 
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presence of anhydrous aluTninium chloride, when the Friedel- 
Crafts reaction takes place with the formation of a considerable 
amount of acid chloride or ketone. Thus with dhnethylamline 
the well known Michler’s ketone is obtained, tetramethyldia- 
minobenzophenone. At the same time a small amount of the 
double ketone (26) is obtained.’®^ 





CO— 


In(ch.)* 


The former compound— Michler’s ketone, can be reduced to the 
carbinol (Michler’s Hydrol) in the usual way*'""® and the two sub- 
stances form the starting point of a large series of triphenyl 
methane dyes, chiefly blues and violets of the crystal violet type 
including Victoria Blue, Ni^t Blue, Wool Green S, Victoria 
Blue 4R etc. The ketone can be eonderrsed with the amine 
hydrochloride to give the dyestuff, which is said by Hofmaim 
to be produced by the following Series of reactions:^®* 


(CH.),-N<( )>N- (CH.), (CH,),.N- 



■N(CH0, 



Cl-N-CCH,), 

The intermediate ketone need not be isolated, for the tertiary 
amine can be directly condensed in exc^, with pho^ene, in the 

iw MicUer. Ber. 9, 716 iaS0. 
w*Seel07. 

109 Hofmann. Ber. 770, 
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presence of altuninium or zinc chloride to give the dyestuff. 
Thus in one typical patent>“ on this class of dyestuff, dimethyl- 
aniline (100 kgm.) is saturated with phosgene (18 to 20 kgm.) 
at 20“ and allowed to stand for 24 hours. Further dimethyl-ani- 
line (50 kgm.) and powdered zinc chloride (30 kgm.) are added. 
The mixture is then warmed to 40° to 50° and a fmrther 20 kgm. 
of phosgene passed in, and the whole digested at 60° until a deep 
paste of methyl violet is formed.^^ The general applicability 
of such a process is limited by the fact that many substituted 
tertiary amines do not 3deld a Michleris ketone. Thus Rassov 
and Reuter>-“ found that on eondensiag dimethyL-o-toluidine with 
phosgene a number of compounds including methyl chloride 
were obtained. The compounds (28) and (29) were obtained 
but not the compound expected (27). 



CHi 

/t> 

N.(CH,J 

1 

CO 

i 

N. (CH,) 

CH, 


Meister, lamm and Brunii^. B. P. 8694, J. C, S. I. 7, 205 (1888). 
Badisebe anilin und Soda^F£d>rik. G. F. 26066. Ber. 3,7^ 60. 
Badiscbe anilin und Soda-Fabrik. O. P. 277^ Ber. 17, 339, 
Meister, Lucius and BrOning, G. P. 34463. (1884). 

Badiscbe-Anilin und Soda-Fabrik. G. P. 29^. (1884) Ber. 18, 7. 
Rassow and Reuter. J. Pr, Ch. 85, 489. 
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Loeb“* investigated the action of phosgene on ethenyldiphenyl- 
tolamine. "When one molecular proportion of phosgene and two 
of the base are used the compound (30) is produced, but with 
an excess of phosgene the compound (31) is the product of the 
reaction. On heating it loses a molecule of phosgene ^ving 
the cyclic compound (32). 


CH,. 


O-V.OH. 

\n ^CO w 


CH,-C=N<( ^iOCI 
^N-COCl 


(30) (31) 

L _i,o 

THE BEACTION OF ALCOHOLS AND FHENOIS WITH FHOSOElirE AND 
THE SYNTHESIS OF ACIDS AND ACID CHLOBIDES 

The reaction between alcohols and phosgene is simplicity itsdf 
and can be summarized in the equation: 

»-OH + 00-ca, - R-co-ca + Ha 

The action, investigated by Dumas^'^ has been a standard method 
for the preparation of chlorocarbonic esters since his time. 
Dumas extended his observations to methyl chlorocarbonate, 
■and various other investigators have applied the method to other 
alcohols. Among the chi^ compounds mentioned are those 
gi-ven in table 15. 

By the action of phosgene on ^yeerol, compounds were iso- 
lated which included glycerol carbonate (J.C.S., 1926), but the 
best way of obtaining ^ycerol carbonate is undoubt^y the 
action of heat on a mMure of glycerol and ^enol carbonate. 

“* toeb. Ber. 18, 3427. 

Dumas. Aim. Oiim. FI^. S6, 226; (2), 68. 
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The ^ycerol carbonate caii be distilled out of the mixture in 
vacuo. It is a white crystalline substance m.p. 148°.’“ The 
action of phosgene on glyeoUic ester“® gives rise to a pulverulent 
substance which is probably the carbonate. The action of an 
ezc^ of alcohol on phosgene or of the sodium derivative of 


TABLB 15 


ALCOHOL 

B . P . OP 
CHLOBOCAB -' 
BONATB 

B 3 BFBBEITCB 

% 



71.4 

114 > 117 * 110 * m 

Si&liyl 

90 

114 * 117 * m 

iso-Aioyl 

154.4 

116 * 117 

ProDvl 

115.2 

116 . U 7 

Hiityl * 

117 

iso-Butyl 

128.8 

118 * 117 

Stliyleiie glycol 

236 

123 

Glycolchiorhydrin ., I 

158-160 

123 


1 


TABLE 16 


C03lP0T73n> 

B.P. 

Dimethyl carbonate 

90.6 

Dietbyl carbonate 

126 

Dipropyl carbonate 

168.2 

Di-4so-bnt;sHl carbonate - 

190.3 

228.3 

Di«iso-4unyI carbcmatee 

Methyl ethyl carbonate 

109.2 

Methylpropyl carbonate 

130.8 

Methyli^ibntyl carbonate 

143.6 

l^yiisobntyl earlxmate 

160.1 

182.3 

Ethyiisoamyl carbonate 



^ Medloek. Qoait. J. CSieni. Soo. 388 (1849). 
w* Boraiffir. Ber. 6, llDl (1873). 
n’' Boese. Aim. SOB, m 
“• Mylina. Ber. 8, 477, (1872). 

“» Eleid. J. Pr. Ch. (2), 86, 448 (1882). 
u*Eentsclkd. Ber. 18, 1177. 

»» Fart). Bayer. G. P. 118537. 

“ Nanirow^. J. Pr. CSi. 2, 88, 439. 

“• Nemiiow^. J. Pr. C!li. (2), 81, 173. 

“* Hodiatetter. G. P. 2ffln'68. 

» Ann. 164,257 (1870). 
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alcohol OH that compound leads to the formation of a S3rmmetri- 
cally disubstituted ester of carbamic acid: 

B-O-CO-a + NaO-R = B-O-COO-B- + NaQ 

Among the aliphatic carbonic esters obtained by Rosse (loc. cit.) 
who investigated the whole series very thoroughly, and others, 
are those given in table 16. 

In the aromatic series the action of phosgene on phenols is not 
nearly so violent as with their aliphatic analogues. Thus phos- 
gene and phenol require to be heated in a sealed tube“* to obtain 
phCTiyl carbamyl chloride CsHj'O'CO-Cl. This compound, 


TABLE 17 


PABB27T SUBSTANCB 

CABBAMYli CHLOBXBB 

DI-STJBBTXTnTBD 

BBTBB OP CABB- 

ONIC ABXB 

1 

BXTBBBNCZ 

Phenol 


m.p. 75 

m» lis, 1S9 

2:4 Dinitrophenol 


m.p. 125.5 1 

1»7 

Oresol (?) 


m.p. 125 

127 

Eugenol 

b.p./17 mm. 174 

m.pt 93 

ISO* 181 

Guaiacol 

b.p./10 mm. 110 


180 

b-Naphthol 

m,p./65-66 


180 

iso-(Eugenpl 

b.p./15 mm. 155-157 


ISO 

Methyl salicylate 

b.p./20 mm. 141-147 


180 

Ethyl-p-oxybenzoate 

m,p. 55-56 


ISO 

Thiophenol 


m.p. 72 

181 

Salit^laldehyde 


m,p. 94^-^ 

181 


however, will condense with ammonia in the -usual way, and with 
amines to ^ve tmethanes, and with sodium phenate to give 
diphenyl carbonate. The symmetrical di-aryl sub^ituted esters 
of carbonic acid can be most readily obtained by Ihe action of 
phosgi^e on the sodium salt of the phenol concerned, preferably 
in a well-cooled acetone solution. The oompoimds given in 
table 17 are among th<»e that have been prepared in this manner. 

»» Kempf. J. Pr. Ch. (2), 1, 402 (1870). 

Hentsdifil. G. P. 24161. Pried. 1, 230, 1880. 

Baxial and Morrell C. 128^ .X579. 

Barral and Morel. Bull. Soc. C9i. (7), 21, 725. 
i»» Einhom. G. P. 224108. 

Loewenbeig. Chem. 2^nt. ISSI^ 890. 

Hofinann. Z. Ang. Ch. 21, 1886. 
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With reference to certain of these esters of chlorocarbonic 
acid Hofmann*® remarks that they react curiously mth pyridine 
©ving rise to compounds of the type (33) 


CO 

\o 




E • O— N— CO — — Cl 


(33) . 




(34) 


CH, 

CHj— -N • HCl 

\ 

CH, 

CH, 

/ 

Ca—N • HCl 

\ 

CH, 


He abo prepared the compound (34) in order to test its thera- 
peutSe properties. 

It will be noticed that the ortho-dihydric phenols condense 


A-o 






(35) 



with phosgene to give phmiylene carbonic esters as in (35). 
With tiiemeta- and para^ dihydric phenols, the reaction is not so 
ample. Bembaum and Lune**» reported the compound (36) 
as the prodttrt of the reacti^cm, an infusible and insoluble wMte 
powder, but it more likely that the ccanpoimd is in reality Ihe 
double mdeeule ^). Many other carbonic esters, e.g., car- 
bonyl gaifio ^tar, etc.,*** have been prepared, but their mere 
enumeratim si^rves no useful purpose. 


SYNCTBSIS OF ACEDB, ACED CHDOEIDES AND KETONES 

Among the earlier investigatora of the reactions of phosgene 
Hamitz and Hamitzki*** stated that phosgene and methane 

ui Krnbsiim and X«uie. Her. Xi, 1754 (1881). 

"» Slseher aod Fiead»iberger. Ber. 46, 1116. . 

*** HanatiB^aniitaky. C. E. 00, m (1865). 
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react in sunlight to pve a certain amount of acetyl chloride. 
This was confirmed by Butlerow^*® who observed at the same 
time that phosgene when reacted with zinc methyl gave acetyl 
chloride thus; 

(CH,)*.Zn + 2 CO-Cli - 2 CH,.CO-Cl + ZnCl* 

Bertholet^®* denied that any reaction took place between methane 
and phosgene at temperatures below a red heat, and his ^peri- 
ments indicated that the same inertness was to be observed in 
coimection with ethane, ethylene, acetylene and benzene, while 
De Clermont and Fontaine“^ showed a siTnilar lack of reaction 
between octane and phosgene. The latter investigators seem 
to be correct, at least for low temperatures and in the absence 
of catalysts. The process, however, devised by Hochstetteri®* 
for the preparation of methyl chloride involves the chlorination 
of methane by phosgene. A mixture of the gases is passed 
throu^ a tube packed with wood charcoal and heated to 400° 
when the reaction 

CH4 + CO-O* = CH,-C1 + 00 + Ha 

takes place. The methyl chloride is removed from the system 
by refrigeration. 

Phosgene will act as an acid chloride in the Friedel-Crafts 
reactim, giving the usual products when the reaction is stimu- 
lated by the presence of anhydrous aluminium chloride. Ear- 
nitz and Hamitzld’** stated that a small quantity of benzoyl 
chlonde was obtained when phosgene reacted on benzene alone, 
but this is doubtful; Meyer®*® however, obtained a fair amount 
of benzoyl chloride by heating diver benzoate and phosgene in 
a sealed tube. The amplest way of obtalnir^ benzoyl chloride 
from benzene is to allow a solution df phosgraie in the latter 

w»Lehrb. d. Org. <aeioie, 287 <1868). 

‘“Bertholet. BuU. Soc. C!him. N. S. 13, 9 <1870). 

l>eCleniioziit and Fontaine* Bull. Soc. Cbim. N. S. 13, 4M. 

Hocbstetter. Austr. Pat. 9^. 

Hochstetter. G. F. 202(^. J. 8oc. Cb^. Ind. 33, 867 (1916)^ 

xMHaraitaHaxnitzky. C. E. i8, 748 (1864). 

Meyer, Ann. 156, 271 <187D). 



164 


G. MALCOLM DYSON 


iiydrocaibon to stand over anhydrous aluminium chloride.“i 
The reaction does not proceed quantitatively to benzoyl chloride, 
smce if tite standing is protracted or the temperature rises the 
secoDid stage of the reaction sets in and benzophenone'" is formed : 

(i) c,H, + CO- cu ■ Ha + cja,- coa 

(ii) cja,-co.a + C.H, CiH,.co.g.h, + Ha 

At the same time a small quantity of the compound (38) is formed 
but its isolation is difficult. 

(TXujD 

(38) 


TABLE IS 


COUPOUND 

BBFER- 

BNCE 

M.P. OP 
Acn> FHOU 
THE ACID 
CHDOBXDE 

EBTOBE 

Benzene 


120 

177 


Tolnene 

Xylene 

141 

144 

m.p. 02, b.p. 240 
b.p. 340 

Anthracene 

145 

206 

ca.30Q 

188 

Anthraquinone 

145 


DiethylftmlinA 

14ft 


Thiophene , , , 

147 

m.p. 87-88. 

Methyipbenylaminobenzene ........... 

1 14ft 

184 





Hie reaction has been recently reinvestigated*^" in an attempt to 
synthesdse anthraqmnone by the reaction of an excess of phnsgana 
on benzene or benzoyl chloride. No trace of anthraquinone 
could be detected. 

The reaction between pho^ene and aromatic hydrocarbons in 

*** Ador imd Hrafts. Ber. 10, 2173. 

Pmdel, Eraftjs, and Ador. Ber. 10, 1854. 

*“ Wilson and Pall«. J. Ind. Chem. Eng. 14, 406 (1922). 

«* Ador and Eilliet. Ber. 11, m 
Mbs and Olbeig. Ber. 19, 428. 

*“ Gxaebe and Lkbemann. Ber. 2, 078 (1869). 

"* Miehler and Gradmaim. Bw. S, 1912 (1876). 

Gattenoann. Ber. 18, 3013. 

‘“Saraaw. Ber. M, 2180 (ISa). 
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the presence of anhydrous ahmunium chloride is fairly general 
and table 18 gives the results obtained with some of the commons 
hydrocarbons. 

Behla“* was unable to obtain a carboxylic acid from the inter- 
action of phosgene and dihydroanthracene, and his experiments 
on the interaction of phosgene and phenanthrenequinone were 
likewise inconclusive.'^'® 

Phosgene has been fotmd a convenient agent for the prepara- 
tion of acid anhydrides and chlorides from the parent acids or 
their sodium salts. Thus sodium aicetate successively undergoes 
the reactions shown below: 


(i) 

CH,.CO-ONa 

CHj-COn. 

+ CO Cl* « 

^ + 2NaOl + COt 


CHg-CO-ONa 

CH,.C(K 

(ii) 

CH,.CO 

V 

CH,.CO.Cl 


^4-CO.CU = 

+ CO, 


CHrCO 

CHrCO-Cl 


Hofmann and Schoelensack'®' patented this as a general method 
for the production of add chlorides and anhydrides of acetic, 
propionic, butyric and beirzoic acids. Later they extended the 
method to the production of salicylic acid from sodium phenate.“* 
The sodium phenate mixed with caustic soda was heated to 
140° to 200° in a stream of phosgene. The reaction may be 
represented: 


C,H,-ONa Cl 
+ 

C.H,.ONa Cl 


cja,.o 


CJS,'0 


> 


OH C,H«.(OH)-COOH 
iO+ I = + 

Na C^t-ONa 


The original general method for the production of the acid 
chlorides and anhydrides was to heat the sodium salt with 
phosgene in an autoclave. This method not only gave a poor 
yield of the desired products but was very difficult of operation 


«»BeMa. Ber.20,TOl. 
i» Bella. Ber. 18, 3168 (1885). 

Hofmann and S^oetensack. G. P. 29669. 
Hofmann and Schoetensack. G. P. 30172. 
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on a technical scale. To remedy this Hochstetter“® devised a 
process in which the vapour of the free acid is passed, together 
with phosgene throng a tube heated to bri^t redness and filled 
with a catalyst material (usually wood charcoal). A better 
yield is obtained while the process is simple and easily controlled. 


SOME! MIBCBLLAI^TBOUS BSiACTIONS OF PHOSOElSfE 


With euM-amides and compounds cordaining the —CO-NH2 group 

Among the earlier researches on phosgene was that of Schmidt^” 
who investigated its reactions on various compounds of the urea 
and mreide type. He found that when dry urea was heated under 
pressure with phosgene that the substance carbonyl di-urea was 


formed (39): 


1 

m 

NH-CO..NBt 

NH-CO-NH 

NH-CO-NH-CO-NH* 

CO 

CO 

CO 

NHCO-NH, 

NH CO 

NH-CO-NH-CO-NH, 

(39) 

(40) 

(41) 


This substance was almost escludvely formed when the mixture 
was heated at 100" for two days, but on heating carbonyl diurea 
witii |^<^ene to 150" to 160° cyanuric acid (40) was formed by 
the loss of one ammonia molecule from the carbonyl-diurea (39) . 

Biuret brfiaved in the same way giving in the first instance 
eaihonyl dibioret (41) which on further heating with phosgene 
gave cyanuric acid and hydro^n chloride thus: 


NH, a CO Cl 

/ 


CO 

1 

a>— NH 

1 i 

NH, 

1 

1 

NH 

1 1 

NH CO 

1 

CO 


\ / \/ 

CO NH 


NH 

/ \ 

CO 


cso 


NH NH 

\ / 

CO 


1 + I 


CO 

/ \ 

NH NH 


+ 2HC1 


CO CO 

\ / 

NH 


"“Hoehstetter. G.P.^389ft. C. Abs. 10, a«6), 93. 

Hodistetter. G. P. :^17. C. Abs. 1)0, (1916), 94. 
»*Sdmuiit. J. Pr. Cfe. 2, S, 89 (1872). 
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Other amides behave in a similar manner, thus acetamide gives 
diacet]durea (41a) and benzamide gives carbonyl dibenzamide (42) . 

NH.CO-CH3 

/ 

CO 

^NH-CO-CH, 

(41a) 

Oxamide was stated to ^ve a mixture of carbonyl diurea, urea 
and carbon dioxide, but later and more ckureful investigations by 
Basarow^*^ have shown that when oxamide and phosgene are 
heated to 170* to 180*0. parabanic acid is formed (43). The 
earlier work on the reaction between urea and phosgene was 
confirmed by Schiff.“« An interesting case, described by Holle- 
mann^’^ is that of the intersiction of phosgene and N-dimethyl 
benzamide, in which there is no free hydrogen on the nitrogen 
atom. In this case a dichloro compound of the formula (44) 
was formed. 

CO ^NH 

I 

CO 

1 

CO ^NH 

(43) 

Dtoao and diazwmino compounds 

Saranew"^^ observed that with diazomninobenzene in benzene 
solution the passage of pho^ne ^ves a white crystalline com- 
pound inscduble in benzene and ligroin. It is slowly soluble in 
cold water but readily so in hot water which decomposes it witii 
the evolution of nitrogen and the formation of phenol and di- 

Basarow. Ber. S, 477. 

iMjSchiff. Abu. 291, 367. 

«»HoUeinaim. Bar. 9, 8« 0876). 

"“Sarauw. Ber. 14 , 24® (1881). 
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phenyl urea. This led Saranew to suggest the following for the 
constitution and decomposition of the compound in question; 


fs 


N— N=N-0 

NH.0 

/ 

/ 

CO 

CO +N,+ CJE,.OH 

\ 

\ 


N— N=N-P NH.p 

0 


Similar phenomena were observed in the reactions of p-diazo- 
aminotolu«ae but diazoaminobenzene-3-carboxylic aeid,“® in 
the reaction with phosgene gave benzoyl chloride m-oxybenzoic 
add and nitrogen. Similar experiments with diazobenzene-p- 
brommiiline gave no condusive results. 

Amidoximes 


By adding powdered phenyloxyethenykmidoxime to a solution 
of pho^ne in benzene Gross”** obtained a compound in small 
silvery leafiets m.p. 131*^. It is soluble in alcohol and ether but 
not in water or dilute acids. Gross states that its formula is as 
in (45), but it is far more likely that condensation takes place 
through the amino groups, ^ving the S3nnmetrically d^bsti- 
tutedurea. 


CH-O 


OH 


/ 


NH, 


HjN 


\ 

C-CH 

\ /\ 

N-O— CO— O-N HO 

(45) 


NH, 


H,N 


/ \ 

CH C 

\ / 

N-O-CO-O-N 

(46) 


Falk^® obtained a similar compound from benzenylamidoxime,. 
concerning which a dmilar uncertainty of constitution ftTrista. 
(46). jExaetiy the same question of constitution arises concern- 
ing the products on the interaction of phosgene and the salt of 


Saiauir. Ber. 16, 43 . 
‘«CkoB8. Ber.l8,248D. 
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amino-acids containing a hydroxy group. Thus Aloy and Ra- 
bout“* observed that phosgene was without action on p-oxy- 
phenylaminoacetic methyl ester, although on dissolving the 
latter in alkali phosgene gave a non-crystalline gelatinous con- 
densation product. The authors assumed this to have the 
constitution (47), but it is probably the synometrically disubsti- 
tuted carbamic ester (48), seeing that its preparation requires 


NH-Ch/ y>H 

/ 1 

CO COO-CH, 
NH-CH«( )>OH 
COO-CH, 

m 


NH,..CH< 

1 

COO-CH, CO 

NH,. 

I 

COO-CH, 

(48) 



the presence of alkali. A similar compound from tyrosine*** 
is also stated to have been obtained in this manner. 


Thioureas and thiosemicaTbazides 


The reaction of phosgene on thioureas and thiosemicarbatides 
throws some slight light on their constitution, which from 
the evidence av^able would seem to comprise a thiol group. 
Thus, Will*** found that the reaction between phosgene and 
diphenyl thiourea proceeded easily and that a compoxmd was 
formed in small needles m.p. 87. To this compoimd he arbi- 
trarily astigned tiie constitution 


N- 


CS CO 

" — <3 


(49) 


< 3 "=? — ? 


N CO 



( 50 ) 


Aloy and Babant. Bull. Soo. Qum. (4), 9, 263. 
u* Hugooneng and Moiel. C. B. 142, 48 (1906). 
Ber.U, 1486. 
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(49), but the later work of Wolf*-®® has shown that the action of 
phosgene and thiophosgene on meas and thioureas falls into line 
with that of the other chloracid chlorides, and ^ves rise to a 
cyehe compound of the type (50). The action of phosgene on 
thiosmnicarba 2 !ides has already been discussed. 


ThioU 


The reaction of thiols or their alkali metal derivatives with 
phosgene proceeds normally. Thus Saioman”®-”^ observed the 
formation of the compound (51) from sodium mercaptide and 
phosgene, and was lat^ able to prepare the chlorocarbonyl 
compound (52) by using phosgene 


S-Et 


/ 

CO 

\ 


S*Et 

(61) 


S-Et 


/ 

CO 


\ 


Cl 

(52) 


in excess. The corresponding compound from amyl mercaptan 
was prq>ared by Schoene’*® as an evil smelling liquid b.p. 190°. 
It undergoes the usual condensations with ammonia and amines.®®® 
The reaction is only capable of extension to the xanthat^, when 
thioi^osgene replaces phosgene. In this case potassium ethyl 
zanthate ^v^ the 


* Et’O’CS CS'O'Et 

I I 
s-cs-s 

(53) 

compound (53). If phosgene is used none of the corresponding 
carbonyl derivatii^ are formed. 

B».S6,14S6. 

»»Sal<Hnon. J. Pr. €81, 8, 433 (K72). 

Ssl(»aoa. J. Pr. Ch. (2), 7, 254 (1873). 

»*Sdioene. J. Fr. Cli. (2), SO, 416. 

“•TOBeax. J. A. C. S. 38, 1031 (1906). 
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Phosphines 

An isolated reference”® to tlie behaviour of phosphines with 
phosgene shows that when phenylphosphine (the phosphorus 
analogue of aniline) is reacted with phosgene, three compounds 
are formed, 

p.Cl, p^=p p-co 


(55) 

phosphenyl chloride, diphosphenyl, and the phosphorus analogue 
of phenyl isocyanate (66) . 


Aldehydes 

By reacting aldehyde vapour with phosgene a colourless limpid 
liquid was obtained by Hamitz and Hamitzki”* They termed 
it “chloracetin” and associated with it the formula C 2 H$C 1 . 
Later it was found that the compound reacted with sodium 
methoxide”*-”* to give acetone — a. reaction which, at the time, 
constituted a new synthesis of that compound, — and which was 
written: 

C,H,C1 + Na-O-CH, = CHfCO.GH, + NaCl 

Lato Kekide and Zinke”® observed that when an aldehyde and 
phosgene were allowed to react a lar^ amount of paraldehyde 
and metaldehy^de was formed, while it remained for Eckenroth”' 
to point out that in addition the chloracetin of the older writers 
was in reality ethylidene dichloride. Thus: 

CH,.C3HO + CO-a, - + CO, 


Michaelis and Dittler. Ber. 12, 339. 
Btoutz-Haniitzky. Ann, 111, 192 (1859). 
Fiiedel. C. R, 60, 930 (1865), 

1” Friedel. Ann. Chim. Phys. (4), 16, 403. (1869). 
Kekuie and Zinke. Ann. 102^ (1872). 

Eckenpotk, Ber. 18, 518, 
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Its iixteraction with sodium methomde is then readily explained 
by the formation of the intermediates: 


0-CH, 

/ 


CHj.CH 

\ 

0-CH, 


^ CH,.CO.CH,-f CH,.OH 


The action of phosgene on aldehydes in the presence of secondary 
bas^/^^ such as qtunoline or diethylamine leads to the formation 
of compounds such as (57) and (58): 


O-CO-Cl 

/ 

E-CH 


Cl 

(57) 


O-CO-0 


R-CH 


\ 

Cl 


\ 

CH-R 

/ 


Cl 


(58) 


Thus chloral giv^ a compoxmd C*Cl3’CH(0*C0*Cl)*Cl as an 
oil b.p. 78-80/14 mm. 


N'UtQos 

Henle'^'’^ passed phosgene into acetonitrile and obtained what 
he thou^t to be a compound CsHs-CN-CO-Cl*. In all prob- 
ability the phenomenon was one of mere solution. 

Seterocydic compounds 

When pyrrole potassium^ is suspended in ether and phos^e 
is {jassed in, a vigorous reaction tahes place and on evaporation 
of the ethereal solution an oil remains. This oil consists of two 
compounds di-pyiryl urea which is volatile in st«im and can be 
xecrystalUsed from al<x>hol in needles, and di-pyrryl ketone which 
is crystalline but non-volatile. 

With pyridine the pentavalent compound (59) is formed 

Farbenfab. Bayer. G. P. 121223. 

»«HenIe. Ann. 103, 285 (1858). 

GiamleSae and Magnagbu Ber. 18, 44. 
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first, althou^ subsequent stages in tbe reaction have not 
been folly elucidated. 




(59) 


With piperidine derivatives, however, the formation of the urea 
is more certain. Thus in the case of p-acetylaminobenzylpiperi- 
dine observed by Kuehn’®' the action of phosgene gives rise to 
two compounds p-acetylaminobenzyl chloride and di-pipaidyl 
urea: 


2-CH,CO-NH<^ + ^)CH.N(CtHi,i) +CO-Cli= 
2-CH,CO.NH<^^ + CO-(N.C^io)» 


Ketenes 

Hxe interaction of diphenylketene and phosgene has been 
recorded by Staudinger.^®® The reaction is one of simple addi- 
tion, leading to the formation of an add diloride of gem-diphenyl- 
noalonie acid: 



Qrignard compounds 

Grignard’** himsdf inves%ated tiie reaction of phc»gfflie on 
the organo-magnesimn halides, and observed that in no case was 
the ketone formed acccnrding to the equation: 

co-ca* + 2.R.MgBr = E-CO-R + 2 -Mg.Bra 


«*P«nreIlandDehn. J. A. C. S. 39, 1717. 
^••Heydrai. G. P.109033. 

Ber.33, 2900. 

*** Staadioger, Goelaiiig aad Seboeller. d7, 40. 
i« Giignard. C. R. 136, 816. 
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In all cases the secondary and tertiary alcohols were formed 
according to the equations: 

1. COCI + 3-R-MgBr = Bj-CH-O-Mg-Br + + 2.MgBrCl 

2. CO-Cli + 3-B-MgBr =■ R,-C-0-MgBr + 2.Mg-BrCl 

Sachs and Loewy'“ observed that the main product was the 
tertiary alcohol and that the reaction could be extended to the 
aryl compounds. Thus, when phosgene is allowed to react on a 
benzene solution of phenyl magnesium bromide a crystalline 
product is obtained, which on hydrolysis yields triphenyl car- 
binol. Tritolyl and tribenzyl carbinols have been prepared in 
the same manner. 


Solis of acetoacetic ester 

When phosgene reacts on the sodium salt of acetoacetic e^ter, 
the reaction^^ is one of simple chlorination and leads to the 
formation of monochloracetoacetic ester as a limpid colourless 
liquid b.p. 192-200°. 

CH,-CO-CH-COOEt CH,-CO-CH.COOEt 

I = I 

Na + CO-CI, Cl + NaCl + CO 

The reaction with the copper salt^^* of acetoacetic ester, however, 
proceeds to the formation of a dimethyl- 7 -pyrone dicarboxylic 
ester, which is obtained in yellow crystals m.p. 79° to 80°. 

The physiological cu^ion of phosgme^” 

The exteaded use of phosgene in modem warfare as a poison 
gas laods an excuse for a short note on its physiolo^cal action, 
llie ehkf efiect oS. phosgeim is said to be the change in concentra- 
tion of the blood in animals subnutted to its influence. Thus, 
during the first five to eight hours the blood is considerably di- 

Sachs and Loewy. Ber. 36, 1588. 

Buchka. Ber. 18, 2090. 

iw Conrad and Gutseit. B. 19, 19. * 

Herts, J, Ind. Cbem. Eng. 11, 9. 

Uaderhili. Oussa. AJbs. 1910, 2929. 

Saiaartmo. Arch, de. Fannaool. sperL 25, .30. 
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luted, a phenomenon which is followed by a rise of temperature 
and at a later stage by the concentration of the blood solids. 

In poisoning by phosgene the first s 3 ntnptoms are those of 
iistress and d3rBpnoea, with coughing and the expectoration of a 
bhin yellow mucous together with occasional vomiting. Later 
bhere is severe cyanosis which persists even after the administra- 
tion of oxygen, death usually taking place from heart failure when 
the patient attempts some slight ph 3 racal effort. Post-mortem 
sxamination shows that there is much oedema of the lun^, 
laryn^tis, agglomeration of the oesophagus and stomach, and 
3ellular necrosis. 




A CHEMICAL CONCEPT OF THE ORIGIN AND DEVEI^ 
OPMENT OF LIFE» , 

. A PEEUMINARY PRESEINTATION 

VICTOR C. VAUGHAN 
Washington, D. (7. 

The concept of the origia and development of life which as a 
result of your kind invitation I am. to present to you this evening, 
has not been evolved from my inner consciousness but has re- 
sulted from more than twenty years of experimentation in my 
laboratory modified by the work of others. In the nineties I 
was seeking a method by which I m%ht obtain large quantities 
of some low form of life free from contamination. This quest 
ended in my devising my large bacterial tanks, with which I 
was able to secure pure bacterial substance by the kilogram and 
was able to demonstrate the following fundamental facts. 

1. Bacterial substance consists of ^yconucleoprotdn. 

2. It contains no cellulose, consequently bacteria are not 
plahts. 

3. Bacterial substance shows no differentiation into cytoplasm, 
nucleus, or nucleolus and undergoes no mitosis, consequently 
bacteria are not '*crils” as the morphol<^usts would interpret 
tins term. 

4. On cleavage with acid or alkali, bacterhd substance yidds 
carbohydrates, amino-acids and purine bases. 

5. It may be split into poisonous and nonpoisonous portions, 
with evidence that the cleavage follows definite chemical fines. 

6. Dead pathc^enic bactmal substance kills aniTnals witit the 
same symptcons and like lesions to those which follow inoculatimi 
witii t^ living organism. Th^^coe the symptoms and krions 

^ An addiew^ deRyeied at tbe Seveotj-tbiid meeting oi the AmeaMan CStenn- 
eal Somety, I$i 1927. 

ler 

mmiTfyATi bstikwb, voc*. xv« no. 2 
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of a disease such as typhoid fever are not due directly to the 
growth of these bacilli in the patient’s body but result from the 
cleavage of the bacterial substance by some agency supplied by 
the body of the host. 

7. Nonpathogenic bacterial substance furnishes as much 
poison as does the pathogenic. Therefore, immunity to certain 
organisms cannot be due to the absence of poison, in these organ- 
isms but must be es 3 )lained in some othra* way. 

8. y^etable and animal proteios such as ed^in from hemp 
seed and casein from milk, contain as much poison as do the 
pathogenic bacilli. 

9. Ail proteins contain a poisonous group. It will be under- 
stoodlhat none of these poisons are active when given by mouth- 
and are so only whai introduced parenterally. This is because 
protdn cleavage in the alimentary canal is diff^ent from that 
occurring in the blood and tissues. 

1 naay add that the above statements in all essentials have 
been verified by workers in this country, France and Germany. 
I published them in book form in 1913. I am not tonight going 
farther into the details of my experimental work but will devote 
xay time to the conclusions, which I have drawn. Even with 
this limitation I can only present a preliminary outline, awaiting 
opportunity to write in further detail. 

THE OSIGIN OS* lUEB 

How can we differentiate between non-living and living matter? 
What is tire earliest manifestation of the acquMtion of life? 
C^tainly matter does not cease to be matter whea it becomes 
endowed with life-. An atom of nitrogen in ammonia is still 
nitrc^n when it is incorporated in a more complicated protein 
molecule. I can say with much confidence that the conversion 
of non-living into fiving matter is accompanied by increased 
molecular lability. By this I mean that the atoms or electrons 
wit^ the molecule are energized. Thar orbits are enlarged. 
Within their* orbits they move with greater speed. Their 
chsEnism is intensified so greatly that they eue now able to drag 
into tirtir orbits atoms and posably molecules which have hitherto 
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been beyond thar grasp. In other words the molecules begin 
feeding on outside matter. All li'\Hng things absorb, assimilate 
and eliminate. This means that metabolism or trading in 
energy b^ins. Such is the first evidence of life. Have we any 
idea of the nature of these primitive living molecules? Yes. 
They were and are protein molecules. There is no life save in 
proteins. These are pol 3 nners of amino-acids. The amino- 
acids, at least the simplest of them, have be^ and are today 
beii]^ formed under proper environmental conditions from in- 
organic substances. Furthermore, each protein differs from all 
others in its content, kind or position in the molecule, of amino- 
acids. T7p to the present time less than twenty of these bodies 
have been found in nature but with this small number, number- 
less proteins are formed, much as all the words in our language 
are formed by varied grouping of the twenty-six letters in our 
alphabet. Simple proteins 3deld only alpha-amino-acid on 
hydrolysis. 

In my opinion simple proteins are not living. There must be 
in the living molecular structure a carbohydrate group thus 
converting a simple protein into a gluco-protdn. I have found 
two carbohydrates in bacterial substance. One of these whidi 
exists in some bacteria to the extoit of 10 per cent^ I believe to 
be attached to the niiclein group, while the other is attached to 
the nitrogen. With this glyco-protein we have a battery and 
this b^ins to operate under proper stimuli such as heat, light, 
d.ectzicity or the chemical constituents of someihing in the 
medium in which the molecular battery exists. In other words , 
the stimulus is some form of energy. Wliat causes the amino- 
acids to be synthesized I do not know. Emil Fischer has how- 
ever synthesized amino-acids and has obtained a product which 
closely resembles natural protein. 

Irritability or re-activity as Halph liDie prefers to call it, has 
long been known as a universal property of living matter. This 
means that the rate at which energy is recmved and disdutr^d 
by the living protein may be altered, increased or decreased, by 
external ^imuli which may be brou^t into contact with it. 
The stimulus may be in the form of food or fuel which brings to 
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the organism, or the living system as the morphologist calls it, 
energy in the potential form, which is then discharged in the 
kinetic form. Metabolism is regulated by environment. Reac- 
tion betwe^ the organism and its environment is essential to 
all living matter. Without this, life cannot originate or having 
originated continue indefinitely. One can conceive of a piece 
of fthalk or a lump of carbon existing indefinitely wi^out reacting 
with its environment, without absorbing or eliminating, but 
one caimot concdve oi a bacterium or a yeast cell retaining 
life indefinitely under these circinnstances. I am fond of repeat- 
ii^ a statement first employed I believe by Allen, "Living matter 
differs from dead in that the former trades in energy while the 
latter does not.” 

Still another attribute of living matter is its ability to repro- 
duce itself. As I conceive it, the early forms of life must be 
particulate, not necessarily as this term is understood by the 
morphologist, but in a chemical sense, meaning that living matter 
maintains its molecular identity in no matter what form or en- 
vironment it exists. The early forms of life must at tiie same 
time be small, microscopic or ultramicroscopic because the reac- 
tion between the organism and its environment can occur only 
whm ihe reacting bodies are brought into inunediate contact. 
Thk hrfids true whether we consider the lowest or the hipest 
fom^ of life, whdher we subscribe to the cellular or a chemical 
^teory the ori^ of life. In man, the highest form of life, 
ofmtact HI just as intimate, the food material being brought to 
tihe by the blood and lymph. This holds wheth«* the 
be brou^t to the organism in the potmtial or kinetic 
form. These can be no question as to the nature and manner of 
iceproduotion in ^ lowest forms of life since we can see and 
study it in low forms such as bacteria. Reproduction occurs by 

If we assume that thoce was an Azoic period in the history of 
tim a period in which life even in its simplest forms did 
not eadsti mid we aaast aimime this if we will accept the geologist’s 
eencept of ilm of inearth, then it follo\^ of nece^ty that 



CONCEPT OP OEIGIN AND DEVELOPMENT OP LIPE 171 


there was a eertam time at which life on earth began. The 
evidence today indicates that energy derived from the sun is 
the original source of life. The chief difference between inanimate 
and animate matter is in its energy content. The forces in the 
sun’s rays have energized dead mattOT into life. Perhaps, as 
suggested by Mathews the bulk of this energy is carried by the 
oxygen atoms within the molecule. As to what was the form of 
this first life we can but conjecture, but from the evidence, some of 
which I have just presented you, I believe that we are safe in 
assuming that life as such did not exist before the evolution of 
the protein molecule. Every element which makes up the pro- 
tein molecule exists also in the inorganic chemical world. There 
was a time when organic chemical compoimds did not yet exist. 
Henry, referring to the possibility of artificial production of 
organic compounds, wrote, “It is not probable that we diall ever 
attain the power of imitating nature in these operations. For 
in the fimctions of a living plant a directing principle appears to 
be concerned, peculiar to animated bodies, and superior to and 
differing from the cause which has been termed chemical aflSmty.’’ 
And yet only a short time after this Wohler succeeded in synthesiz- 
ing urea. 

MoOTe and Webster appear to have succeeded in syntheazin® 
fomialdehyde from carbon dioxide and moisture under the 
influoaoe of ultraviolet rays and in the presence of an inoi^aaaie 
colktid. It matters not whether as has been suggested bf von 
Baeyer, formaldehyde was the first organic sufaslance produced 
in nature leading toward tire devdppment of fife. The point is 
tiiat it has been drown tirat organic substanees may be S3mthe- 
tized in the laboratory from inorganic substances and tirat such 
ample mganic structures as amino-adcki may be syntiteeiaed 
experin^tally into compounds closely resembling natural 
tehrs. It makes no diffm^enoe whether we can now or ever wS 
be aide to reproduce each aasd every s^p to the ultimate deveioiih 
ment of life. Failure in no way invalidates our hypotiresy any 
mom than our inability td hmld a dar or plaraet i&preves exist- 
ing vieffm as to the probaAde ftriictai^ of tire riniverse. 

At 'smm stags in tire efydation of life the cdl hs we know it 
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today <»-aTnft into existence. It is back to this point that the 
morphologist traces the origin of living matter and beyond this 
he do^ not allow himself to go. The doctrine “omnis cellula 
ex cellula” may prarhaps hold after the first cell came into being 
but the chemist cannot accept the cell as the lowest or the original 
manifestation of life. Nearly twenty years ago I first stated my 
belief that life is fundamentally chemical and may, indeed prob- 
ably does ^dst in simpler and less tangible forms than the living 
cell or even the living bacterium which I do not regard as a true 
cell for it contains no differentiated cytoplasm and nucleus. 

It becomes incumbent upon the chemist who denies the con- 
tentions of the morphologist to explain how the cell may evolve 
from ampler forms of life. This we cannot yet do but the work 
of DuNouy on the surface equilibria of colloids opens interest- 
ing fields for speculation. This author presents evidence that 
the most probable configuration of equilibrium in a protdn colloid 
solution is in the form of a cell. This would present a minimmn 
of free energy compatible with the total energy. ' If a micro- 
scopic droplet of protein solution is sprayed into the air the 
constituent molecules of this droplet will ju’oceed to arrange 
themselves in theimodynamie equilibrium, with relation to each 
other. In this process the droplet will become coated with a 
surface layer of protdn three hundred or four hundred times 
more viscous than the interior. If the droplet has a diameter of 
lehmicrons, equilibrium may be established within four seconds. 
If fihe diameter is but three microns, equilibrimn is established 
in ihout <me second. If equilibrium has been establi^ed b^ore 
the droplet completes its fsdl the concentrated surface layer will 
be strong eooc^ to maintain its shape even if it strikes a dry 
surface. The presence of carbon dioxide or hydrochloric add 
gas or ultraviolet rays suffices to render some of the constituents 
of the protdn layer msoluhle, thiis enabling the droplet to keep 
its individuality even though it fall into pure water. Assuming 
as I have stated bdore that energy and its transformation is one 
df tha dominant diaracteristies of life, we have evidence in the 
wmk of DuNouy ihat the may be but the Ic^eal consequence 
of the tendmey d the protdn mdeeule or molecules to establish 
dynamic equilibrium. 
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"Wliat is the smallest form of living substance known? The 
smallest living structure known today is that entity -which has 
been described and studied in greatest detail by d’Herelle and 
to which he has given the name of bacteriophage. This living 
particulate chemical substance is much smaller than the smallest 
kno-wn cell and bears out my hypothesis first stated nearly twenty 
years ago. d’Herelle gives to the bacteriophage the generic 
name protobe or first life. It is -without doubt the simplest form 
of life known today but I regard it as not proven that the first life 
was not even simpler. 

The bactmiophage fu lfill s all the criteria of life. It can assimi- 
late in a heterologous medium, transforming a heterologous 
substance into homologotis bacteriophage substance, a substance 
distinctively its o-wn. With this function of assimilation it also 
possesses the function of adaptation to changing environment. 
Furthermore it possesses the faculties of r^roduction and varia- 
bility. The substance is antigenic, has the chemical constitu- 
-tion of protein, possesses as great and prolonged -viability as 
bacterial spores and appears to be an ^dectro negative coUoid 
just as are the majority of tixe bacterial q}ecie£s. The dimensions 
of the bacteriophage corpuscle are approximately those of the 
serum globulin micella, its diametm: bmng about twenty milli- 
microns. The substance appears to be thermolabile, its viru- 
lence being destroyed at about 76°. The protem micella is the 
colloidal unit. It is the smallest possible particle ci matter in 
the colloidal state. Possibly as d’HereUe states it is the unit of 
living matter and cells are constituted of a imion of micellae. 
The bacteriopha^ is of about the size of a micella. 

BACTERIA 

I do not r^ard bactmia as the simplest form of life. Their 
chemical structure is very complicated. They are essentisJOiy 
nucldns and th^ chi^ function is to multiply. Whe-th^ the 
individual consists of a sin^ or many molecides I do not know. 
Probably Iheir structure is multimolecular but if so the chemism 
between the m<^eeules must be very stroi^. I know <rf no way 
of distinguMung betwemi intermolecular and intramolecular 
actmty. 
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Bacteria will live under most diverse conditions. They will 
grow in a medium which contains organic nitrogen only in the 
form of ammonia. They continue to live or at least to retain 
life Tmder wide ranges of temperature. When food is scarce 
they go into a resting or spore stage. They multiply by fission. 
In them acquired characters such as. increased or decreased 
virulence are transmitted. They are antigenic and can be shown 
susceptible to clasrification in groups by their antigenic reactions. 

While the bacterial cell is morpholo^cally simple in structure, 
it is as complex in chmical composition as. are the cells of the 
animal body. I know of no work done siace I reached this 
conclusion which throws any doubt upon it. The eoncluaon 
that I would draw therefrom is dther that bactma are already 
relatively hi^ up in the scale of life or else that even the simplest 
forms of life consist of relativdy complex aggregarions of pro- 
trin molecules. 

The general constancy and immutabiliiy of bacterial types ^ 
illustrated in the history of epidemic disease. G^iterSUy ^peak- 
ing these diseases run true to tyjje throu^ thrir recorded history, 
be this short or long. Tubercle bacilli found £a Egyptian mxnn- 
mies present ihe same eharacteristo and cause the same type of 
ti^e deetnieti<m as do tubercle bacilli in the consumptive of 
today. The characteristic eyznpt<Hns and lesions of smallpox 
deserved and described by budian writers b^ore the Christian 
d^jshow no essential variation from thc^ which manifest them- 
selves in the unprotected individual of today. Through all the 
eemUsaies th(^ has been no important mutation in Ihe smallpox 
virus^ nor any marked modification in its behavior when intro- 
duced Into human body. The most ancient descriptions of 
the league are se plainly indicative of the disease as we know it 
in tile jares^ generation that there can be no mistake of the 
identity of ^ virus of this disease in most ancient times with 
tiiat the inea^t. The pnemnonias of today are marked by 
the same seascmal '(^nation, characterized by the same modes of 
OBS^ by like avenues of inogress, and by timilar results with 
those seen and described by Hippocrates. Because b{u;teria and 
pn^osoft mre k»w i&am of Me it has been assumed that th^ are 
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especially liable to marked mutations involving alterations in 
chemical composition, and what is of more importance, so far 
as pathogenic organisms are concerned, in their effect upon man. 
In my opinion the assumption that bacteria and protozoa readily 
imdergo mutation is not warranted by any facts which can be 
gathered m a study of the history of infectious disease. I am 
ready to assert that th^e has been less mutation in the tubercle 
bacillus or the virus of smallpox since the beguming of recorded 
time than there has been in man and the other higher animals. 

We do not know the nature of the filterable viruses such as 
that of smallpox but it is possible that they are of the nature of 
protobes such as d’Herelle’s bacteriophage. There is some 
evidence that as time goes on we will be able to establMi a more 
definite connection or association between the protobes and 
bacteria. In the case of the tubercle bacillus for instance there 
is evidence that ultrafiltrates of the tubercle bacillus contain 
what appears to be a Hvii^ virus and the evidence su^^ts that 
this is a small granular form of the tubercle badllus. As to 
whether this is a tubercle bacillus micella we can only surmise. 

THE CHEMISTBV OF PABASITISM 

Havii^ outlined my concept, a chemical eone^t, of the eariy 
devek>pnent cff life I d^ire now to present to you my interpreta- 
tion of the manner in Trineh life became differmtaated into its 
many forms. My understanding of thk complex phesKauenon, 
as I have said, is not based rqxm pure philoec^Mc induction but 
vpoD. experimental ol»ervation in my own hhomtory. Before 
dfeggasiug the origin of species thezef ore, I must amomarize bri^r 
my conceptian of the life iHoeesses as I have observed them in 
bacteria. 

The (hief fonoti<Hi of life is self perpetuation. If this functiee 
is to continTie active, the living sidstance must be so situated 
tiiat it ean pocure sxutritive material from its immediate ea- 
vironmeBt. White eneigy ib furnished in tiie availabte ciuho- 
h3^dndieB and fats and water and cortain minerais are 
requisite, the stiuetoral and ieprodrietive reqaireme^ts of the 
IBoteizi molecule axe mht esly by protdnmateriisd, whi^ the 
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is the amino-acid. All living substance are protons. 
The nature of the protein differs for every different type of hfe. 
This difference is due to variation in the number, nature or in- 
tramolecular arrangement of the constituent amino-acidte. There 
may be other differences which present methods have not as 
yet enabled us to recognize. If the nec^sary pabulum were 
always available as pure amino-acids and in the correct propor- 
tions for the particular living cell, the matter would be simple. 
However, as a rule the available oi^anic food supply consists of 
combinations of amino-acids in varying de^ees of complexity, 
up to the complete protdn molecule. 

In ord^ that the living substance, let us say a bacterium, may 
asamilate this food it jQrst becomes necessary to disrupt the 
heteroli^ous protein molecule into its constituent amino-adds 
so that the^ may be absorbed and built up into the bacterial 
structure. Bacteria secrete enzymes or ferments for this pur- 
pose. So do all hving cdls. These ferments will digest obtain 
proteins but not all protdns. if a hvii^ cdl is in coutact with a 
forei^ protein against which it does not possess a digestive fer- 
ment it will gradually evolve a ferment spedfic for that protein. 
1 bdieve it to be a fundammtal law that a living cdl in contact 
with a fordgn protdn will evolve an 6nz3une to destroy that 
protdn. Maiqr years igo Zhiclaux diowed that penicilliun 
^ueum grown on starch produces invertase only. On lacto^ 
iit produces lactase in addition. On milk it daborates a 
jnoteoclastic eozyme. The ability of livii^ cells to produce 
spedfic enzymes to meet the necesdty for disrupting the sub- 
strate with which they come in contact is essential to existence 
both under normal and abnormal condititms. It enables the 
cells to feed upon assimilable substances and to destroy injurious 
ones. The ease with which living cdls may function in these 
directions is d^rendent upon many and varied factors such as 
temperature, physical and chemical conditions, the activity of 
tiie cdl which is seekii^ to feed or protect itsdf and the comtitu- 
tion of the body upon which it acts. Here lie many problems 
awaiting future investigation. 

Much remains to be learned of the nature of fermmts or 
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enzymes. They are particles of matter, some of them wholly 
simple like spongy platmmn, others highly complex like the yeast 
ferment or pepsin or trypsin. Enzymes are inanimate store- 
houses of energy which may be brou^t into action under proper 
environment or on coming imder the influence of certain physical 
or chemical stimuli. They may be compared rou^y to storage 
battOTies. Ferments may be protein but are not animate. 

In the same way that ihe bacterium will elaborate a di^^tive 
enzyme, so also will the body cdl do this when it comes in contact 
with a foreign protdn. The typhoid bacillus on entrance into 
the body grows Itmiriantly during the incubation period, for 
in the blood it finds an abundance of available food material in 
the same simple form that is available for the body ceUs. living 
t^hoid bacilli have been found in the blood of man during the 
incubation pmod, before any S3unptoi]QS of the disea^ have 
become manifest. The gem is converting body protdns or at 
least the amino-acids of the blood into typhoid bacillus protdn. 
The reaction is synthetic and there are no symptoms. But the 
body cells have been stimulated by the presence of a for^in 
protein and in about ten days they have elaborated a foment or 
enzyme which will break down this foreign protdn. As soon 
as this defense reaction becomes well developed disease becomes 
manifest. Now, typhoid bacilli are bmng destroyed, the process 
is analytic, the protdn poison is being liberated. 

Dui^ the incubation period the process is eoiistruetive. 
After tbe body cells have learned to ^borate a ferment which 
will destroy the typhoid bacillus the process in turn becomes 
destructive and in this destruction the protdn poison appears 
to be liberated. This poison I have fomd to be present in 
every protmn which I have so far examined. It exists not alone 
in pathogenic bacteria but also in the nonpathc^enic and even in 
such otherwise innocuous proteins as white and the protean^ 
of the cereal grains. Indeed edestin from hmp seed and easdn 
from milk, and ^ white furnished me the larg^t and most 
satisfactory amounts of protein poison. While T have been 
unable to obtain this sul^timoe in anything approadhiz^ a pure 
state, it appears to contain many amino-acids and, apparently 
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^ould be classed as a polypeptid. It is only poisonous when 
administered paienterally, for alimentary digestion apparently 
further breaks it up into the simple amino-acids. In the case of 
iyphoid fever which I have used as an example the symptoms 
result from the liberation of the protein poison. The severity 
of the disease depends upon the amount and rapidity of libera- 
tion of the poison. The very small doses of the poison which 
will produce serious symptoms experimentally indicate ite 
possesaon of a hi^ d^ree of energy. In my opinion it kills by 
tearing off from <^rtitin body cdds secondary and fimctioning 
chemical groups. 

The perpetuation of life depends upon the ability of living 
substance to convert heterologous protans into homologous 
protdns. This holds equally for the hi^ier forms of life for if 
in the case under consideration the human body is unable to 
convert typhoid proteii^ into human prottin, the result will be 
disastrous. True, this conversion is of itself not without finger. 

The ability of a bacterium to produce disease aftar it has 
entered an animal dep^ds mainly uxxm two factors, iirst it 
must be able to establi^ for itself a parasitie existence in its 
host. It must be able to sustain itsdf and multiply its kind on 
the pabulom witiun its r^Kjh. Second, there must be no destruc- 
tive enzyme already easting in the body tissues, against this 
^rticular bacterium. Disease depends in great part upon how 
iilNindantly a gfvm mieroor^nkm may multiply in the tissues 
before the body cells have completed the daboration of a de- 
Stindive mizyme. Where one is already in existence the bac- 
tecmm Is destroyed at once and only an infinitesimal amount of 
po&xm » lib^uted. No symptoms result. The seriousness of 
the isymptoms depends upon the amount of poison Uberated and 
the rapidity of its liberation. Of course, there are other factors in 
certain dkeases such as location within the body, the secretion 
of a toxin by tim bacterium and the Hke. 

THE OBIGIN OP SPECIES 

Let US now talce up a consideration of those factors whidi 
may have had a bearing in the origin of species. At this point 
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I am not so interested in the inheritance of identical character- 
istics as I am in the inheritance of altered or acquired charac- 
teristics for it is by virtue of the latter that new species develop. 
I find no great difficulty in imderstandmg that living substance 
m i ght readily reproduce itself in its entirety but I am highly 
interested in the intimation that it can produce another living 
substance diifferent from any that has been known previously. 

I have said that the characteristics of bacteria have remained 
remarkably constant throu^out the history of disease. There 
is an exception, one which I believe to be of fundamental im- 
portance in the development of species. I have said that the 
tubercle bacillus as it occurs in man appears to have undergone 
no remarkable change through recorded history. This is quite 
true but at the same time there is a tubercle bacillus which 
infects fowls which is not quite the same germ and yet another 
which infects cattle. Dr. Calmette has at the Pasteur Institute 
in Paris a strain of tubercle bacillus which he has cultivated 
artificially for over thirteen years and which appears to have 
lost entirely its ability to infect man and the lower animals. 

The constancy of bacterial types and indeed of all living sub- 
stances depends upon a relatively unc hanging environm^t. In 
the lower f orms of life environment has a very definite influence 
upon the characteristics of ISe. Furthermore, alterations in the 
structure of the protein molecule resultant on environmental 
changes may be and are inherited. A, microorgEudsm living in 
a milieu in which the pabffium is readily assamilated and trans- 
formed into homologous proteins will ihrive. If, on the other 
hand, the environment is one in which the available food material 
is of widely different constitution from that of the living sub- 
stance, continued existence wiU depend upon the ability of the 
microorganism to elaborate a imximt capable of disint^atiug 
the foreign protein or protdn-like substance into its constitn^t 
amino-acids so that they may be available for assimiJationv If 
some of these amino-aeids are defidient in quantity for tijo par- 
ticular hying i^bstance, ecntinued existence wiH now /depend 
upon the ability <rf the liyfe* structure to adapt its^ to this 
deficiency. If smh an adaptation is made, there will result 
a change in the tnake-up of the living protein molecule* 
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WMle I am PTnphnaimng chemical factors I am not unmindful 
that ph^cal and other factors also play a part. I can readily 
imderstand why many specie of animals and of plants have 
disappeared. No species can continue when it ceases to receive 
and utilize energy from its environment. A change of a few 
degrees in the PTiTnia.! average temperature might change markedly 
the flora and fauna of the area in which it occurs. Climatic 
factors are more readily recognized in the hi^er forms of life, 
but I shall continue to limit myself to the effect of changes in 
the chemical environment on the lower forms of life. 

The presence and availability of new or different amino-acids 
or similar proteia radicles will ultimately determine an altera- 
tion in the constitution of the living protein molecule. If this 
alteration in environment is permanent the altered constitution 
of the living molecule will likewise become permanent and wfll 
remain so as long as the environment is relatively the same. 
Thfe development of new species in the lowest forms of life de- 
pmids upon phytico chemical alterations in the envinmment. 
The p^sistmce of new impedes so formed is dependmt upon the 
pmnanency of the environmmital changes. 

A streptococcus hi^y pathogenic for the horse will on repeated 
passage ihiot^ a laboratory animal sudi as the mouse or rabbit 
or ^jinea pig, gradually lose its high, virulence for the horse while 
aopurh^ an increased invative power against that animal throng 
winch it is bdng passed. That tiiere is an actual change in the 
chemical coostitution of this streptococcus is indicated by the 
fact thi^ after several passages its ant^enic power as a home 
str^jtoeoccus which was origimdly of high titer become com- 
pletely lost. 

Not only thfe but it has been found that cultivation of a strep- 
tococcus in an artificial medium containing the blood of some 
laboratory animal increases the virulence of the streptococcus 
against this particular animal. Furthermore the antigeni c 
characteristics of this streptococcus are altered after- repeated 
growth on these special laboratory media. Thus we may speak 
of a horse sfcr^tooHicus, a mouse or rabbit or guinea pig strepto- 
coccus all diKived from the same ancestor, each of them still a 
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str^ococcus, but definitely altered in chemical nature by their 
immediate nutritive environment. 

d’Herelle believes that there is but one bacteriophage but 
that this like the streptococcus just described is capable of 
adaptation to growth in a wide variety of bacterial hosts. The 
Shiga bacteriophage and the Staphyio-phage differ from each 
other in their predilection, one for the dysentery bacillus and the 
other for the staphylococcus. These are their foods of choice 
and they find it diflELcult to grow on other bacteria. However, 
adaptation may be accomplished and it is p<^ble to change the 
Sbdgarphage into the Staphyio-phage and vice versa. There is 
an almost limitless possible number of bacteriophs^es dqiendent 
upon the degree of invasiveness for different bacteria but the 
evidence presented by d’Herelle would Indicate that this is a 
matter of adaptation to the environment on the part of a single 
original bacteriophage. 

This adaptation is so complete that it involves an alteration 
in the chemical structure of the bacteriophage which can be 
recognized in change in its anl^enic properties. Shiga-phage 
actually becomes chemically different from the Staphylococcia 
bacteriophage. Alterations in the environment have produced 
a new species which will maintain its identity as loi^ as the 
enviromnent remains es^tially unchained. Further environ- 
menial changes will produce yet other alterations in ttm structure 
of the living molecule, not necessarily a reversicn to tiie ori^nal 
structure but perhaps with the development iff an entirtiy new 
and more complex structure to suit the requirements of the 
fdtered nutritive enviromn^t. 

Many of the higher forms of life contidn two or more proteins 
no one of which can be siid to, be more specific than the other 
fcH* that particular living substance. Such a simple plant as wheat 
for example contains gliadin, globulin, glutenin, proteose and 
leucotin, five proteins in all. Now wheat ^utmin appears to be 
s i mil ar in its dheanical constitution with the ^utenin found 
in barley and in rye. 1 would interpret th^ as hi^y suggestive 
evidence that wheat, barley and rye evolved f nan the ^me primor- 
dial ancestor. Environmental changes, po^ibly variations in 
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the nutiitonal resoiarces, have been responable for the differen- 
tiation of these three grains. The fanner of today knows well 
tine importance of environment. With, the same seed, the same 
heredity, he does not anticipate an equally good or abundant crop 
in every field in different years. The fertility of the soil, the 
ftTOfnint. of sun and rain and many other environmental factors 
play a most important part. If some of these factors are dis- 
advantageous to the continued existence of a grain, this grain 
must either adapt itself to changed conditions wbich it will do 
with alterations in its own structure and appearance, or it must 
eventually die out. 

In forms of life sudi as those which we have just been diseussii^, 
in which two or more different proteins exist together, we must 
conceive as postible that species differentiation does not neces- 
sarily entail complete change in any or all of the constituent pro- 
teins but that in these hi^er forms new proteins may be added, 
possibly by differentiation of &e original with the 
tiie new protdn and the oiigiaal both exist in the 
substance. Where a protdn has at last been evolved which best 
fits the functional needs and wh«e its environment rmains 
littte dtanged, its ehemi(^ constitution will imnain remarkably 
con^an^ It is ^d that the protdns cS the lens of the eye are 
different from tiie oQuex protdns of the body but are identical 
in ihe lenses of a wide variety of H.wfma1g. Here there is little 
'invironmental change for tiie environment is not the outnde 
world but the blood and lymph. 

I have 3 aaentioned changes in antigenic properties as indicating 
alt^tioss in the makeup of the protein molecule. The ques- 
timx might be raised as to whether such changes do necessarily 
indicate alterations in the constitution of the molecule. The 
term antigen is employed by immunologists to designate those 
substmees which when introduced into the animal body pareo- 
terally lead to the elaboration within the treated animal of a 
substance which antigimiizes or tends to neutralize its own action. 
P^p to the present the wei^t of evidence is all that antigens are 
inotitins. Moreover it appears that each prottin leads to the 
elaboration of a igpecific antibody. Thus an treated with 
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the venom of a certain species of snake produces an antibody to 
this venom and not to the venoms of other ^cies of snakes. 
The toxin of the diphtheria bacillus produces a diphtheria anti- 
toxin and this has no antagonistic action on other toxins. Each 
antigen acts specifically and the nature of the antibody formed 
is strictly specific. Tbte body cells appear to elaborate these 
antibodies and they do it for sdf protection. Some of the 
antibodies neutralize thdr specific antigen by combioiii^ 'with 
them and thus rendering them, inert. Ibis seems to be true of 
the antitoxins of diphtheria and tetanus also for vegetable 
toxins such as those of abrin and riein and the venoms of snakes. 
In other cases the antibody renders its ant^en inert by disrupt- 
ing it into its harmless constituents. Could there be better or 
more conclusive evidence of the ability of the body cells to adapt 
themselves to their environment and to protect thenoselves 
against threatened destruction? living cells are capable of 
being trained or educated. In other words their behavior may 
be modified by changed environment. 

It has been diown that the specificity of antigens is dependent 
upon their chemical composition. For instance there are in 
milk four chemically- distinct protdns and each is capable of 
causing the body cells to elaborate its own specific antibody. In 
jH'otems there are three chemically distinct protons some of 
which are common to the ^gs of different spedes of birds while 
others are found in a single or in a limited number ci sp^iss. It 
seeDQS to be true that the specificity of an antigen is determined 
by tile location of some aromatic ra(fi.cles within the structure 
of the proton molecule. When protons are hydrolyzed they 
lose their antigenic properties. My students and I showed 
many years ago that gelatin which is a hydrolyzed proton and 
devoid of eertidn aromatic radicles sudi as tyrosin and trypto- 
phan, and whidi contains only a trace of phenylalanin is not an 
antigen, like results have been 'obtained by subjecting tiue 
proteins to tim cleavage action of d^estive fermoits such as 
trypsin and pepsin. likewise tiie protamins, which are com- 
plex of diamino-aeids, and wanting in the amino-adds, are 
not ant^enic. Free amino-adds are not antigenic. All anti- 
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gens are colloids, all apparently are proteins. Now, it has been 
found that certain chemicals, as fonnalddiyde, nitrous acid, 
and iodin, may be introduced into the protein molecule without 
destruction of its antigenic properties, but the antibodies elabor- 
ated are specific to the altered protmns and not to the ori^nal 
substances. Some yeare ago Obermeyer and Pick found that 
the serum of rabbits treated with proteins which had been radi- 
cally changed by being iodized or nitrified did not precipitate the 
native protdn but did act upon the altered protein with which 
the animal had been treated. 

AH life is protein and the development of new species is due 
to molecular re-arrangement in the structure of the protein 
molecule. Something is added or subtracted, or chemical 
groups within the molecule are rearranged. The recently dis- 
covered facts demonstrated by the precipitin and senmtization 
tests make this certain. By these, proteins may be positively 
identified either when nnxed or unmbmd wilh other protdhs. 
Group relation^p may be shown by th^ methods and 
the pr^ent time in no other way. E^pecudly is this true 
the results of these tests are measured quanlataiivdy. The 
protdiffl of the h^’s ^ sensitize guinea pi|^ to themselves and 
to a kssar degree to the proteius of the ^s of other birds. The 
pratems <£ man's blood sensitize animals to themselves and 
fees perfectly to those of the blood of theantbropoid apes. Wheat, 
4^ and barley all cmne from a common plant and rmder different 
mvirmunents have developed into three species. In thk way 
"vaideiieB and species come into existance. 

HVOlitmOK IK TBB HiaHBR VORMS OF LIFE 

Prom the lowest to the highest forms of life environment plays 
a part of greater mr less ognificance in the development of species. 
These mivironmmtal factors may be chemical or they may be 
physleeh I have presaaited to you my concept based upon the 
sbmpl^ fcoms life fmr h^ that very sunpHcity facilitates more 
accurate study and interpretation. 

In ediing to your atten^im the primary importance of environr 
ment in ^ de^^ekjpsiSnt of life and the diff^entiation of ^leeies, 
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it is in no way my desire to iatimate that 1 am not in accord with 
the prevailing doctrines of heredity. The discussion is along 
quite different lines for in the latter our interest is in phenomena 
in which gross alterations are conspicuously absent while in 
the former it is the alterations which are of chief importance and 
interest. The genes about which students of heredity axe say- 
ing much I can accept, if 1 am permitted to regard these gen^ 
as atomic groups, some r^t handed, some left handed, in the 
specific protein which reproduces itseff. 

But I find no diflGieulty in recognizing the action of ehemic^ 
environment even in the hipest forms of life. Morphologists 
stress the stability of germ plasm but some of them do admit that 
certain poisons such as alcohol, lead, mercinry, and ^Tphilis may 
deleteriously affect the reproductive cells. In my opinion, 
even more striking examples might be given. A boy and a girl, 
bom of healthy parents and raised to nmturity under normal 
conditions may migrate into a goiterous district and after ac- 
quiring goiters may marry. Their chfldren may be cretins. In 
this case it is the ohsence, accordirg to the now accepted belief, 
(ff iodin in the food and drink which leads to this deterioration. 
Please understand that it is only the absence of one chemical 
dement which causes this disaster. I am in favor of eugenics 
but I cannot forget that environment as well as heredity must 
be taken into consideration. The claim that the reproductive 
cells are not influenced by the smnatic cells is oire which I bdieve 
to be unwarranted. In seeding it is well to select sound grmn, 
but the harvest will not be determined whnlly by this, but will 
depend to some extent on the fertility of the soil 

What is the optimum relationtiiip as between the chemical 
eBvir(munent, particularly the food supply, and the living strac- 
tum? Without contidmng other factors that undoubtedly 
play a part I would say that the, more dosdy the heterokgous 
protdn resembles in its make-tq> the homologous living protdu, 
the mcne n^ly identical its cmitent and proportion . of. the 
different aminb^ds and associated radicles, the mme ctm^tant 
will be tile eoiaposition of the fiving moiecute and the higher will 
be the d^ee of p^eetimi which it will attain whfle remaining 
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essentially vinaltered chemically. I recognize that there are 
other epsentifl.1 requirements such as vitamines and the like but 
the haais of life is protein and in this thesis I have limited myself 
almost entirely to the consideration of the chemistry of the 
living protein molecule. 

Some living forms such as bacteria feed upon other living forms. 
Ihey can do so because they can convert and assimilate without 
difficulty the prot^ molecule of the host. I consider it possible 
that the more nearly the protdns of the host resemble chemically 
those of the invade the greater will be the pathogenicity of the 
latter. 1 surest that some investigator study by the antigenic 
reactions, the protdn relationships between parasite and host. 
In the case of bacteria, feeding upon man or animal, the objec- 
tion might be raised that they derive their sustenance, not from 
the living molecules of the animal, but from the simpler protean 
food radicles and cleavage products present in the circulating 
blood and lymph. • But this objection cannot hold in the case of 
test tube experiments in which the available pabulum coi^ists 
of the tissues of the host. 

One mi^t infer that I believe that a cannibalistic existence 
would be the ideal form of life. But curioxisly enoxi^ even in 
such low forms of life as bacteria and bacteriophages, cannibalism 
appears not to exist. Protein molecules endowed with attributes 
of life, while apparently bent upon the destiuction of other forms 
d life, particularly ampler forms, appear incapable of destroying 
living substances of identical or nearly identical chemical consti- 
ti^on. Thfe is readily understandable. Where there are two 
sinffi living sul^tanoes in apportion, their chemisms would be 
idimtical, their spheres of influoice the same, their tropisms 
would balance one anoth^ and the result would be no chemical 
reaction. A solution of ammonium chloride mixed with another 
solutmn of ammonium chloride remains ammonium chloride. 

Late in the 18th centuiTr Lavoissier, scientist, patriot, martyr, 
showed the process of respiration in man is comparable to the 
burning of a About 100 years ago, WShler made urea 

synthetically. A few y^trs later Dungiisson and Emmett, in 
their scantily supi^^ laboratory at the TJniveraty of Virginia 
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announced that the &ee acid in the gastric juice of man is hydro- 
chloric acid. Dumas in France, lieb^ in Germany, and others 
continued to develop physiological chemistry. About the 
middle of the last century leading universities in this country 
provided chairs in this subject. For many years Chittenden 
at Yale was the standard bearer and on his retirement his good 
work was continued and amplified by Mendel. Splendid work 
in this subject has been done by Van Slyke, Lusk, Folin and 
others. Ehrlich and Hatta, after more than 600 attempts 
built up ar^henamine syntheticaUy and tins with its cogeners 
has done much to mitigate the plagues of syphilis and allied 
diseases. 

Starling and others have discovered hormones and the brilliant 
results obtained by Banting in his discovery of insulin are well 
known. Abel not only discovered epinephrin, but determined 
its structural formula and it is now made synthetically. The same 
talented investigator appears to be on the hi^ road to similar 
results in the study of insulin. 

However, all these are inanimate substances and up to the 
present time no chemist has awakened dead matter into life. It 
may be that this will never be done. Whatever may be indi- 
vidual opinion on tins subject, past, present and even future, 
failures should not prevent us from interrogating nature and 
learning so far as possible how riie in her great laboratory with 
boundless facilities and with countless a^ in which to operate 
has accompIMied this gr^t result. Without predictions as to 
what d^ree of knowledge future researches will reveal I have 
ventured to present my views on this subject. Sxould they, 
even in part, be confirmed the morphologist must radically change 
his teadhings as to the rdative importance of heredity and 
^vironment. I hold that the lowest forms of life have come 
into existence through chemical agmdes smd tiiat environment 
has been a stroller factor in the evolution oi life and in the 
developmait of the varieties and species than is believed by the 
biolo^ of today. 
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THE STRUCTURE OF THE METHANE MOLECULE^ 

VICTOR HENRI 

Laboratory of Physical Chemistry, The University of Zurich, Switzerland 

During the last ten years a number of different methods of 
investigating the structure of molecules have been worked out 
and an ahnost completely new science of molecular physics has 
been developed. The results which have been obtained are of 
very general importance and the application of the theories and 
principles which have been derived from these studies a 

new period in the development of chemistry. 

The structure of the molecule of methane is of the utmost 
importance to all organic chemistry involving, as it does, fundar- 
mental conceptions concerning the carbon atom and an applicar* 
tion of these modem methods of investigation to the study of the 
methane molecide has given results of far-reaching significance. 

Methane is a colorless, odorless gas; it shows slight deviation 
from the simple gas laws and can be liquefied at - 164*'C. It is 
the most important constituent of natural ^is, some sample of 
natural gas showing as much as 99.3 per cent of methane. Since 
the work of Pasteur, van^t Hoff and LeBel more fifty years 
ago there has been very general acceptance of the tetrahedral 
eiructwre of the methane molecule, the carbon atom being at the 
center of the tetrahedron and ihe four hydrc^en atoms at the 
comers (fig. 1). 

From the standpoint of the present-day ideas of atomic stmc^ 
tore two of the six planetary ^ectrons of carbon are near the 
nucleus and the other four am in outer orbits. The hydrog^ 
atom has one planetary electron and the electronic strurtur© 
the methane molecule may be ^mwn sch^natically by 2 
where the dots represent electrons, the inner electrons hmig 
inclosed within the circle. 

^ Freseated at the Meeting of the Azneiicui Socaety, 

mckm<md, Viig^a, Apzil 12, 1927. 
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The evidmce upon which the tetraiiedral structure of the 
methane molecule is based depends primarily upon the fact that 
methane does not form isomeric derivatives. Tor example, there 
is only one dichlor-methane whereas, if the structure were not a 
tetrahedron there should be two isomeric dichlor-methanes. 
The three general assumptions upon which the whole of organic 
chemistry has been built are: 

1. The equivalence of the four valencies of carbon 

2. The tetrahedral structure of methane 

3. The rigidity of the structure of molecules 

With the development of the science of molecular phyrics during 
the last -ten years physicists have introduced new methods of 



H 



Fig. 2 


Hivest%atmg the structure of molecules and have made important 
contributions to the theoretical interpretations. These new 
m^ods were first controlled by the study of different simple 
molecules, such as, nitrogen, hydrogen, chlorine, hydrogen chlo- 
ride, carbon m<moxide and then more complicated molecules 
wme examined and now more than seventy different molecules 
have been studied, of which about fifty have been invest^ated 
in my laboratory. 

The results of the study of the methane molecule may be 
briefly summari^d as foUovts: 

1. The molecule of melhane is not a tetrahedron but has the 
structure cff a p3uamid. The distance between two hydrogen 
atoms is equal to 1 A or 10~* cm. and the height of this pyramid is 
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equal to 0.37 A. The relative portions of the h 3 *drogeii and 
carbon atoms are shown in figure 3. 

2. When the four hydrogen atoms of methane are replaced by 
four chlorine atoms the structure dianges and becomes a tetra- 
hedron so that the molecule of carbon tetrachloride is tetrahedral. 
The dichlor-derivatives of methane have a tetrahedral structure 


C 
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whOTeas certain of the tetra-derivatives of methane have a 
pyramidal structure. For example, pentaerythritol, where each 
hydrogen atom is substituted by a (CHjOH) group has a py- 
ramidal structure as has also the molecule of tetrar-phenyl- 
methane. 

3. The four valencies of the carbon atom are not equal. Two 


A 



tia. 4 Fig. 5 


of them are of one kind, and two of another (%. 4) . Our experi- 
mental evidence leads us to believe that the six eleetax>ns ci &e 
carbon atom are distributed in three sheUs. The two iniwr pe- 
trous are in the h orbit and of ihe four external ^ectrons two are 
in the 2i orbit and two in ihe 2i orbit. This relatics^np is 
^own in figure 5. 
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These three conclusions are in absolute contradiction to the 
claaRinfl.1 theories upon which organic chemistry has been built 
and in the %ht of this new experimental evidence there should 
be a complete revision of the chemistry of carbon compounds. 
It is with pleasure that I acknowledge the very important con- 
tributions made by American physicists to the science of molec- 
ular phyrics. 

The experimental methods by which these important results 
have been achieved may be classed into five different groups: 

1. The scattering of light 

2. The absorption spectra 

3. The structure of crystals as determined by x-rays 

4. The calculation of the potential energy of molecules 

5. The emission spectra of atoms and molecules 

These various methods wUl be examined briefly and the results 
summarized. 


1. THE SCATTEEING OF LIGHT 

The very familiar example of the ^ect of the scattering of 
light is the production of ihe blue color of the sky by the seatt^- 
ing of the sun’s rays by the molecules of the atmo^here. Tyn- 
dall (1) was the :^t to inv^tigate thorou^y the scattering, 
of li^t and tbe phenomenon has rince been called the Tindall 
effect. J. W. Strutt (Lord Rayld^) (2) developed the &eory 
which it is shown that when a beam of li^t of intensity 
I« falls on a gas inclosed in a tube^ a portion of this beam is 
seai^iered by the molecules of the gas and the intensity of this 
scattered li^t, Ii, (^. 6) in one direction is dqpend^t upon the 
kind of moleeule, the volume of the molecules and the number of 
them per eabic eenrimeto. This amoimt of scattered li^t is 
very vsBcying frran two to five millionths of the intensity 
d the incident fight. If the molecules are isotropic the scattered 
fight is totally ptdarized, ^ plane of polarization bring deter- 
mined by the directions of the two beams Is and Ii. 

During tixe last sev^ yearn a number of esperimeutal investi- 
^dkms of the scattering d l^t by various sorts of gases have 
beai made by R. J. Strutt (Lord Raylri^) (3), Cabannes (4), 
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Gans (5), and Raman (6) and these results have diown tixat for 
the rare gases, helium, neon and argon which are monatomic 
there is a total polarization of the scattered light. These molecules 
are all isotropic. In the ease, however, of the diatomic and 
triatomic gases, nitrogen, hydrogen, oxygen, carbon monoxide 
hydrogen chloride, carbon dioxide, water etc., there is only a 
partial polarization produced in the scattered light. This in- 
complete polarization is due to the anisotropic character of these 
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Fig. 7 

molecules. A complete theory has been derived by Gans (5) 
according to which it is posdble to calculate the of aniso- 

tropy of a molecule frmn the proportion of the scattered l^t 
which is non-polarized. It is thus po^ble to show the 
structure of these different di- and triatomic molecules c^ be 
represented by an ellipsoid. A Rectal study cff the mdbeule of 
methane and of other hy#oearbons was made by Cy>annes (7). 

The actual measummmt of the amount of scfdtored h^t 
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which is polMized involved great difficulties in technique. The 
pure gas was dried and ffitered so that it contained no dust and 
was then introduced into a tube having the form of a cross (fig. 7) . 
An intent beam of monochromatic li^t was allowed to fall on 
the gas and a photograph made at ri^t an^es to the plane of the 
incident li^t. The amount of polarized light was determined 
by a system of nicols. The results obtained with methane showed 
that Aere was a cososdderable proportion of non-polarized light 
thus blowing that the methane molecule is anisotropic. This 
r^t excludes the possibility of a tetrahedral structure inasmuch 
as the molecule must have two different moments of iu er tia. Iq 
the case of carbon tetrachloride Cabannes found isotropic 
molecules. 


2 . THE ABSOBPnON SPECTBA 

When a beam of li^t containing all wave-lengths from the 
infra-red to the ultra-violet is passed throu^ a gas or vapor 


Fig. 8 

cont^ed in a tube with quartz ends, analysis of the beam of bg>it 
Ii (Sg. 8) after passage throu^ the gas shows that certain wave- 
lengths are missmg or have been absorbed by the gas. If the 
beam Ii fdls on the slit of an iofrarred spectrometer or of a 
speetn^raph the absorption spectrum of the gas or vapor may be 
detenmned. Each substance has a vay characteristic absorp- 
tion spectrum made up of a large number of absorption lines and 
bands. Althou^ tire number of these absorption bands is 
always in the thousands they cmx all be arrant in groups and 
seri^ in which the distribution may be formulated mathe- 
matically and it is now po^ble to understand the physical 
significance of this mathematical formulation. 

According to the Bohr theory the absorption of U^t of definite 
frequency takes place whenever the internal energy of the mol^ 
cule increases in the form of jumi». In the ease of molecules, 
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three kinds of motion must be considered: (1) the orbital motion 
of the electrons, (2) the vibration of the atoms or groups of 
atoms, (3) the rotation of the molecule. PVom this point of 
view the internal energy W° of a molecule in the normal state 
may be expressed as the sum of three quantities: 

W® = E“ + e; + 

where Eg, EC and E° are the values of the electronic, the 
vibrational and the rotational energies. When the molecule is 
activated under the influence of light the energy of the activated 
molecule will be 


w' = e; + e; + e; 

and according to the second postulate of Bohr the frequency 
V of the absorbed light is 


W' - w 

y ss; ■■ 


where h is Planck’s constant and equal to 6.55.10~*^ erg. sec. 

If only the rotational energy of the molecule is considered it 
can be shown that this is dependent on two factors, — ^the quantum 
number of rotation and the moments of inatia of the molewfle. 
If the molecule is isotropic there is only one moment of inertia J. 
The successive states of rotation of the molecule correspond to 
successive values of the intOThal energy E,, E,^ i?, . . . E“, 
Ef"^' . . . the general formula for a molecule with one moment 
of inertia being 


_ m(m + 1) 

' 8** J 

The transition from one state m to tiie next (m + 1) or to tiie 
preceding (m — 1) state absorbs li^t of definite frequency. Tlie 
general distribution of tiiese absorption lines is ^v«a by the 
formula 


V = Vo + 


gm+l _ ; 


V = »o + 


r 1 


or 
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This distribution depends upon only one value which is charac- 
teristic of a particular molecule, that is the moment of inertia. 
This means that in all parts of the absorption spectrum, the fine 
structure, which is determined by the rotation of the molecide, 
must be the same. The rotational ^ectrum of a molecule with 
one moment of inertia shows a series of equidistant lines in which 
the distance between two successive lines is equal to 




h 

J 


55.5 . 10 -^^^ 


cm“i 


If therefore the distance between successive lines is measured the 
moment of inertia can be readily calculated. This conclusion 
has been confirmed by a great number of measurements on 
different molecules with only one moment of inertia, — ^nitrogen, 
hydrogen, sulphur, hydrogen chloride, carbon monoxide, etc. 

In the case of the molecule of methane the measurements made 
by Cooley (8) in the infrar-red have shown that there are two 
different sets of fine structure. For the band X = 3.8jtt there are 

many narrow lines in which A- = 5.51 cm“S but for the band 

A 


X = 7.7m tiie lines are more widely spaced and 




9.77 cm-i. 


This structure of the absorption spectrum cannot be that of a 
molecule with only <Hie moment of inertia. During the last year 
these results have been discussed quite fully by Dennison (9) 
and particularly by Guillemin (10) from the laboratory of 
SommerMd in Munich. 

Ilie.al^iptipn spectrum of formaldehyde has been studied in 
my laboratory with Dr. Schou (11) and we have foimd a double 
rotational speotium with two sorts of fine structure. The 
particular important of the% results depends upon the fact that 
if the molecule has two moments of inertia, J and !K, it is possible 
to calculate tiiese values from the distribution of the fine linea 
in the absorption spectrum. 

When a molecule has two moments of inertia, J and K, the 
energy of rotation depends on two quantum numbers m and q. 
Theenergy of rotation in any state 1?*’ is expressed by 
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in which q is constant ia the transition from the state m to 
(m ± 1) and m remains constant in the transition from q to 
(q ± 1), thus giving rise to two sorts of absorption lines. By 
application of this formula the values for the two moments of 
inertia may be calculated. For the methane molecule J = 
3.64 .10”*® and K = 5.65 .10“*® and for the formaldehyde molecule 
J = 1.41 .10“^® and K = 25 .10“*®. These results diow that the 
molecule of methane cannot be a tetrahedron and the simplest 
structure which is in accord with these values is that of a pyramid. 
From the values of the two moments of ine^a, corresponding 
to the rotation around the two axes, it is possible to calculate 
the distance between the different atoms. GuiUemin’s calcula- 
tions (10) show that the distance betwemi the hydrogen atoms in 
methane is 1.05 .10“® cm. and the distance between the carbon 
and hydrogen atoms is 1.15 .10“* cm., the hei^t of the pyramid 
being equal to 0.375 . 10 “* cm. For formaldehyde we have foimd 
the distance between the carbon and oxygen atoms to bel.02 .10”* 
cm. and between the two hydrogen atoms 1.34 .10“* cm. 

3. THE STEUCTUBE OP CRYSTALS AS DBTERBONED BY X-RATS 

It is not posable to AYflifiinfi the erystol structure of solid 
methane but different derivatives of methane have been ex- 
amined. The crystal structure of pentaerythritol (OCGH^jBQi) 
has been studied by Mark (12) and his results have been conr 
finned by Hu^ms and Bmlrtoks (13). The results ^ow that 
this omnpound cannot have (»]bie symmetry and tibtat the most 
probable structure of the mdeeule which is in ^reemmit with 
the experimental values is that of a pyramid. Similar results 
have been cd>tained with tetraphenyl methane and on the baw 
of tkee results Wassenbea^ (14) and Beas (15) have devdeped 
a whole new stoHochmni^iy based on the concq>tion tiie 
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4. POTENTIAL ENEEGT OF THE MOLECHLE OP METHANE 

The theoretical study of the stability of different configurations 
of a molecule foimed by one negative ion and one or more hydro- 
gen ioM has been investigated recently by Heisenberg (16), 
Bcfm (17), Komfeld (18), Hxmd (19), and the molecule of me- 
thane in particular by GiMemin (10), This theoretical study is 
based upon the following considerations; (1) between the carbon 
atom, or rather the carbon ion, and each hydrogen ion there is 
firat an attractive force proportional to l/r* and secondly, a 
repulsive force proportional to l/r“, where n = 5 or 7 or 9; (2) 
between the different hydrogen atoms there are forces proper^ 


H 



Pig. 9 


ticmal to 1/s* and to 1/s"; (3) inasmuch as the carbon ion is 
penalized or deformed by the intramolecular dectrieal field, the 
resulting dipole exerts an additional action on the hydrogen ions 
and this action is dependent upon the deformation coeSGicient 
a of the carbon ion (a = 1.34 .10“®^). The potential energy of a 
configuration such as is shown in figure 9 can be expressed as the 
sum of terms depending upon l/r, 1/s, and a: 

P = P(l/r) + G(l/s) + 

This potential miergy has a TninlTnuTn value for a certain definite 
configuration and the conditions for this TniniTmi-m value can be 
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calculated. The form corresponding to the Tninimuin of the 
potential energy is dependent upon the value of the defonnabUity 
coefficient a. The results of these calculations show that the 
potential energy of the tetrahedral configuration is larger than 
that of the pyramidal form since for the tetrahedral form P = 
— 136 .10“^® erg and for the pyramidal P = —175 .10““ erg. 

These results show therefore that the stable form of the methane 
molecule is that of a pyramid and not of a tetrah.edron. The 
same method of calculation when applied to the structure of the 
water molecule shows a triangular structure (fig. 10) with an angle 
of 66“ and to the molecule of ammonia a pyramidal form (fig. 11). 

Another important result derived from the mathematical treat- 
ment of potential energy is obtained when this method of calcula- 




tion is applied to. the molecule of carbon tetradiloride. In this 
case the structure of minimum potential energy is the tetrahedral 
form and not the pyramidal. These conclusions are of particular 
fflgnificance inasmuch as they show not only that the structure of 
the methane molecule is pyramidal but also that the form of a 
molecule cannot be considered as ri^d and fixed. It is incorrect 
to conclude that because a molecule has a certain definite struc- 
ture that this same type of structure would be maintained in all 
derivatives. On the contrary, a molecule is a mobile system of 
atoms in which the stability of the structmre is determined by the 
minimum value of the potential energy. Instead of flssuTning the 
ngidikg of the molecule, which has been the assumption upon 
which org^c chemistry has been developed in the past, there 
must be a re<x>gDition of the of every molecule. This 



200 


VICTOB HBNEI 


lability of structure determines the ehecdcal reactivity and if the 
values of the potential energy for different molecular structures 
are known it is possible to predict the chemical reactivity. 

5. EMISSION SPECTBA OF TEE CAEBON ATOM 

The carbon atom contains two inner K-electrons which have 
circular orbits and corre^ond to the quantum notation li, 
and four external or valence dectrons. Until 1922 it was as- 
sumed that these extmial electrons were all of the same type, 
with circular or 2s orbits. In 1924, however, Fowler (20) in. 
studying the emission spectra of ionized carbon (C+) found 
that th^ spectrum had the same structure as that of boron. 
Analysis of the boron gjectrum had already shown that the boron 
atom contained two external electrons with 2s orbits and one 
electron with a 2i orbit. It would follow therefore that the ionized 
carbon (C+) must have the same two types of external electrons. 
The structure of the carbon ^ectrum for the normal carbon atom 
(C) and the successive ions, C+, C++, C+++, and C++++ has 
been studied recently by Millikan and Bowen ,(21) and the 
general result of their work shows that there must be two types 
of valency dectrons in the carbon atom. Two of these dectrons 
have circular or 2s orbits and two have elliptical or 2i orbits. It 
would follow therefore that the four valendes of carbon would not 
be equivalent and there must be a distinction made between the 
two types of valencies. Further analyds of the mission spectra 
d carbon ^ves a method of determining values of the energy 
reqmred to bring about the successive ionizations of the carbon 
atmn. The results are as follows ; 

O ^ C+ 4- « — 1S4,000 calories 
C 4 . C+ 4 . + e — 56D|OOD cidories 

^ "" 1^060,000 calories 

Gh^ “4 + e — 2^300^000 calories 
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SOMMAET 

By the application of the modem methods of molecular physics 
to the study of the stmctnre of the methane molecule, the 
following conclusions, based on five completely independent 
methods have been established: 

1. The four valencies of carbon are not equivalent but consist 
of two different types. 

2. The structure of the molecule of methane is pyramidal in 
form and not tetrahedral as previously assmned. 

3. The molecule of methane is a labile syst^ of atoms and is 
capable of change to other stmctures in its derivatives. 
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PROGRESS IN THE STRUCTURAL STUDY OF 
CARBOHYDRATES^ 

JAMBS CX)LQI3HOUl? IRVINE 
University of St. Andrews, Scotland 

My first words miist be of the debt I owe to my fellow-chemists 
in America who have paid me the siagular comphmeiit of adding 
my name to the list of Willard Gibbs Medallists. It is the 
custom, I know, to mark the presentation of the medal by the 
delivery of an address on the researches for which the award is 
made, and custom cannot be defied; but if for a moment I may 
be permitted to speak of my feelings rather than of my work, 
it would be to say that this honour has never been bestowed on 
one who prized it more than I do. To me, the d^tinction carries 
a double significance, for I regard it as an outward symbol of the 
personal friendship extended to me by the chemists of America, 
a friendship which I count as not the least of fortune’s favours, 
and I esteem this award in even hi^er measure throu^ its 
association with the name of Willard Gibbs. 

It would be imgracious of me, also, if I failed to take this oppor- 
tunity of expressing the gratitude I have always felt to the 
scientists of the New World for another gift, one which came 
long ago, yet gradually and almost imperceptibly. I refer to the 
encouragement, denied alas to so many who are worthy of it, 
which com^ to a scientific worker when he finds, as I foimd in 
this country, that his work is closely studied, and that, having 
been wdghed in the balance, it is not foimd wanting. I can 
never forget the stimulus, the exaltation, derived from your 
understanding and sympathetic interest in the problems with 
which l am engaged. The lot of tihe investigator is often made 
lonely throu^ lack of a word of encouragement, but, throu^out 

^ An address deUyered on the occasion of the Willard Gibbs Medal Award, 
Chicago, Illinois, September 17, 19^. 
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life, it has beea my good fortune to be surrounded by indiilgent 
friends. 

I turn now to my addr^, finding comfort in the fact that 
organic chemists are deemed worthy of the Willard Gibbs Medal, 
and that some of my predecessors share with me the misfortune 
that thdr activities have lain in fields remote from that vast 
country opened out by the instinctive genius of the man whose 
memory we honour to-night. It is, indeed, a far cry from the 
Structure of Carbohydrates to the 'Phase Rule^ yet alth migh 
there may be no very obvious connexion between them, a rela- 
tionship is nevertheless there, for the work I hope to summarise 
for you could not have been contemplated, far less accomplished, 
without daily application of the prindples laid down by the 
physical philosopher of New hlngland. The year in which the 
Clascal pap>ers of Willard Gibbs appeared was the year of my 
birth; his views had reached the lecture room before I vacated 
the studfflits’ bench and, throughout my reseaeh life, I have been 
imder the influence he radiated on British science. It is a debt 
of which I am fully conscious, and I add my tribute to his in- 
^iration. 

This is the l7th of September, 1926, and memory warns me 
that, exactly a quarter of a century ago to a day, I commenced 
the first of what has proved to be a continuous seri^ of investiga- 
tions on the chemistry of sugars. In the intervening years I 
have often been asked why my attention was drawn to this 
particular cla^ of compound, and this is a question which mi^t 
Wefl be put to many others, for it must be evident, even to the 
casual student of organic chemistry, that there has been in recent 
years a marked expansion in the study of carbohydrates. 
Whereas at the b^innmg of the'century there were perhaps a 
dozen expert wcurkers in this field, their successors are now 
legion, and the numb«: grows almost daily. It has been an 
amazing dev^ppoaent, and one for which it is difificult to find an 
adequate e^lanation, but, looking back on my own experience, 
I think I can d^eem the underlying reasons. Certainly among 
th)^ reasons, anq)li<aty can find no place, either in respect of 
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manipulation or of peculation. Even in the investigation of 
the compounds which, with imconscious irony, we term the 
‘'ample” sugars, the oi^anic chemist is confronted with for- 
midable esperimental diOlculties, to be appreciated fuUy only 
by those who have submitted themselves to this stem discipline. 
Months may be pent in attempts to induce a syrup to crystallise; 
and, even if this be successfully accomplished, the product may 
prove to be one of twenty distinct but closely-related isomeric 
forms. Nor can the propect of material reward play any con- 
siderable part in attracting workers to the chemistry of sugars, 
for, so far at l«ist, our sugar factories. and even om cellulose 
industries depend only in minor degree on the power to elucidate 
molectdai constitution. We must therefore look for other causes, 
specific to the chanistry of sugars, which invest these compounds 
with a pecial fascination. My reflections have convinced me 
that first importance must be attached to the fact that carbo- 
hydrates are essentially the products of natural, as opposed to 
artificial, synthesis. Within us and around us, through the 
agency of life, these compounds are bmg built, up and broken 
down, formed and transformed, finally to be consumed in the 
filre of metabolism. To study the sugars is, in brief, to study the 
great molecular channel throu^ whidh solar enei^ florra to us. 
No wonder the thou^t of such work makes a powerful app^ 
to the student of vitalism who is naturally somewhat inclined to 
turn aside from that aspect of chemistry which deals willx purely 
artificial reactions. Then again, one must recogni^ that to be an 
intelligent investigator of the sugars the chmnist must be some- 
thing of a biolo^t and of a physiologist, but, above all, he must 
be a phyacist. Tl^ diversily of interest finds its expression, 
not only in the library but also in the laboratory where one day 
our chemist may be manipulating inany kilograms of plant 
products only to tom later to the other end of tiie working scale 
to examine a few milligrams of a precious ciy^alline sugar. Se 
has to be familiar with bactmolr^cal, as well as witix orthodox 
chemical process^; he finds himself engulfed in the m3^st6ries of 
colloids and, at afl times, the preeidon instruments of the phyd- 
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cist axe his daily tools. Taking a broad and, I trust, an im- 
partial view of these requirements, tbe marvel to me is not so 
much that many investigators turn to the si^ar group, but that 
so many can resist its attractions. 

There remains another factor, as potent, I believe, as any I 
have mentioned, and that is expressed in the statement that 
to-day the sugars are being formulated in terms of molecular 
structure, so that at last we are approaching the position when 
we may study their reactions with precision and understandir^. 

Ihere is a special satisfaction in discerning how our knowledge 
of carbohydrates has expanded in response to the stimulus con- 
veyed by fresh views on structure. So long as ^ucpse was 
regarded merely as a molecule CeHisOe, characterised mainly 
tiirough its power to reduce Fehling’s solution and to rotate the 
plane of polarised light to the ri^, the r61e of the compound in 
natural process®, of necessity, remained obscure. An entirdy 
new situation was created wh«i we began to recognise that 
within the glucose molecule there are five hydroxyl ©roups, and 
a further step was taken when it became apparent that these 
groups varied in character and property. 

GLUCOSE 

This brings me to a point where I may indicate the general 
portion which had been reached in 1901 when, as I have indicated, 
my share in this work commenced. The first phase of Fischer’s 
classical research® was over; the most important monosac- 
had been synthesised, and the principl® of stereoiso- 
mer^m had been made the bads of a rational clasdfication which 
accounted for all the hexos® and pentos® then known. Never- 
thde® the chemistry of sugars was then in a state of flux. Limit- 
ing our attention meanwhile to tire fimdamental case of ^uo®e, 
a sugar tphich I believe to be the origin of all carbohydrat®, the 
old aldehydic formula for the compound had been replaced by a 
cyclic structure in which an oxygen ring was repr®ented as con- 
necting the first and fourth carbon atoms as drown below: 
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1 Reed not enumerate here the reasoixs which led to the opinion 
that the reducing sugars should be formulated as cyclic com- 
pounds, but may perhaps state that the adoption of the five- 
membered ring was dictated largely by analogy, rather than by 
direct experimental proof. Nevertheless, the adoption of such 
a formula marked a substantial advance. For example, it was 
thffl:eafter possible to recognise that the hydroxyl groups of a 
reduciag sugar ,such as ^ucose may be classified into three 
cat^ories: (a) The terminal hydroxyl group attached to carbon 
atom No. 1, which, beiag readily oxidised, is re^onsible for the 
reducing action on Fehling’s solution. This group is feebly 
acidic in character, and is not only highly reactive, but is also 
capable of transposition giving rise to the or and /3-fonns of the 
sugar, (h) The hydroxyl groups within the ring. These are 
characterised by less abnormal properties and remain rigidly 
fixed in position, thereby accountii^ for the stereochemical 
distinction between the isomaic aldoses, (c) The hydroxyl 
groups external to the ring, the most important beh^ the primary 
alcohol group, which tak^ part in the oxidation reactions leading 
to the formation of such compounds as the glycuronic acids. 

1 have ^ven only an indication of the advantage secured 
ihrou^ classifi,cation of the hydroxyl groups in ^ucose, but 
possibly I have said sufficient to indicate that the complete 
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exploration of a sugar molecule demands the study of theindivid- 
ual asymmetric systems, for it must be remembered that each 
contributes its own specific properties to those of the molecule 
as a whole. 

Evidently twenty-fiye years ago the time was opportime to 
engage in this higiUy specialised study of sugar structure, but 
even more attractive problems were presented by the prospect 
of opening out a path whereby the molecular constitution of 
disaccharides and polysaccharides could be approached. I need 
not remind you that the disaccharid^ may be regarded as com- 
pound sugars formed by the union of two hexoses throu^ loss 
of a molecule of water. When it is considered that some disac- 
charides are devoid of action upon Eehling’s solution, it is at 
once clear that the reducing groups of each of the constituent 
molecules must have taken part in the formation of the complex 
sugar. Similarly, in the case of redudng disaccharides, it is 
evident that the reducing groups of only one of the constituent 
^ucose molecule is involved in the union, whilst the other 
remains free. This much was known, but, beyond that, all 
ideas of the esxact positions throu^ which one sugar united with 
another to form a disaocharide were purely speculative. The 
great master Emil Fischer clearly recognised this limitation 
imposed by the lack of suitable experimental processes, and ab- 
stained from anything more than tentative suggestions as to 
the molecular structure of the disaccharides. Would that his 
caution had deseeded on his successors. 

, Wx3r regard to polysaccharides, the rituation at the beginning 
of the ceatoy was even more obscure. Within the single em- 
pirical formula (C8HioOs)n were accommodated such diverse 
eompoun(te as eellulase, starch and glycogen, but beyond the 
knowle(^ that, as a purdy arithmetical ratio, three hydroxyl 
groups were pre^t for each ax carbon atoms, remarkably little 
evidence was avaSable which could be brou^t to bear on the 
problem d molscalar cemstitution. To sum up, the position 
was that stmctural su^ chemistry ended with the mono- 
saccharides. 
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METHTLA.TED SUGAES 

I have outlined some of the carbohydrate problems which then 
confronted the chemist, and it is my belief that the most effective 
method of solving these structural mj^steries has been found in 
the study of methylated sugars. It was with this hope in my 
mind that I commenced my work. A word of explanation is 
perhaps necessary as to what is meant by the expression “methyl- 
ated sugar.” Clearly, if the sugars are poly-alcohols, they 
diould be capable of forming the corresponding ethers, and these 
should display the stability, particularly towards hydrolysis, 
which is so characteristic of the ether type. A first step in this 
direction had been taken by ’FIttiiI Fischer who discovered the 
general reaction. of converting reducing sugars into the cor- 
responding methylglucosides. In such compormds, however, the 
methyl group is present in the terminal position, and is readily 
lost on hydrolysis. The alkyl glucosides are therefore more 
closely akin to esters than to ethers. It was evident that, if 
normal poly-ethers of the sugars could be obtained, the key 
would be found to decipher the complete structure of the complex 
sugars. Let us take an example. In maltose, we have two 
glucose residues attached by the reducing group of one of them 
to a non-reducing group of the other. There are, however, four 
such groups available and the qu^ibn is, which of them is 
involved in the coupling? It is the case that the hydroxyl 
portions in the disaccharide may be substituted by acetyl or 
otibrn* acyl groups, and that the point of jimction between the 
OQhstituent hexose remdues cannot take part in such substitu- 
tion. But, if we disrupt the acetylated disaccharide by means 
of hydrol 3 ^, we eliminate at the same time the substituting 
acyl groups, and thus all structural evidence is lost. An entirely 
different state of affairs was to be expected in the case of a 
methylated disaccharide, as the methyl groups would survive 
hydrolysis and hydroxyl groups would be regenerated in 
positio3QS throuj^ which the constituent sugars had been joined 
tr^tirer. ^ Thus, in the case of znaltose, for example,, we ^otild 
obtmn ps t^ hydrolytic products a tetramethyl glucose and a 
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trimethyl ^cose. In one of these methylated sugars only a 
reducing hydroxyl group can be present, (Let us call it A), whilst 
in the other there must be, in addition, one non-reducing hydroxyl 
group (Let ns call it B). Obviously, we would then be in the 
pofidtion of r^arding maltose as a compound sugar consisting 
of two glucose residues condensed together through the positions 
we have indexed as A and B. The principles I have enunciated 
are capable of g^eral application, and can be ^tended to the 
constitution of glucosides and polysaccharide, but the exploita- 
tion of the idea demanded that much preliminary research had to 
be rmdertaken. The first consideration was to find a method of 
alkylation suitable to the sugar group, and the other was the 
preparation of a sufficiently large variety of fully and partly 
methylated sugars which would fimction as reference compoimds 
in extending the general research scheme. Fortunately, a con- 
venient experimental process of methylation lay in my hands. 
You will remember the elegant method discovered by Purdie, my 
distinguished predecessor in the Chair of Chemistry at St. 
Andrews, by means of which remarkably smooth alkylation is 
effected by submitting hydfoxy-compoimds to the joint action 
of methyl iodide and dry silver oxide. In applying this process 
to the particular case of reducing sugars complications were in- 
troduced throng the oxidising effect of the silver oxide, but these 
were overcome by the use of methy^ucoside as the starting 
matmial. This compound was successfully converted into a 
tetramethyl methyl^ucoside which, following the general rule, 
lost only the ^ucosidic group on hydrolysis and, accordin^y, 
Sdelded a tetramethyl glucose as the final product. This was 
the first methylated sugar obtained and, as originally formulated, 
the eon^und was represented as a butylene-oxide. In the 
meantirxm, this formula may be retained, althou^ the general 
question of tiie different positions assumed by the oxygen-ring 
in glucose must engage our attention at a later stage. Tetrar 
metiiyl i^ucose represents only one type of a methylated sugar, 
but other types containu^ a smaller number of alkyloxy-groups 
are known. Of these, we may select as an example, one partic- 
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ukr variety of monomethyl glucose. Commencmg with glucose- 
diacetone, a compound in which four hydroxyl groups of the 
sugar are already substituted, methylation can give, as a maxi- 
mum, only a monomethyl derivative. Subsequent hydroljrsis 
removes the Tinstable acetone residues, but leaves the methyl 
group unaffected, and a monomethyl glucose results. This may 
be taken as representative of the general method employed to 
prepare other partly methylated sugars of which numerous 
examples are now known. Some of the properties of methylated 
sugars may be mentioned at this stage as, in many respects, they 
differ profoundly from those of the parent compounds. As is to 
be expected, the step-by-step replacement of hydroxyl by 
methoxyl results in a progressive increase in stability and solu- 
bility, so ’that in the case of tetramethyl glucose, the sugar dis- 
solves in all ordinary solvents, ranging from water to petroleum 
ether. The compound is also so stable that it can be distilled 
quantitatively in a vacuum. 

Characterised as they are by such convenient properties, 
methylated sugars have proved of great value in the detailed 
study of such problms as mutarotation and the determination 
of the molecular rotations of the a- and jS-forms of sugars. 
Further, their use enables the investigarion of sugars to be con- 
fined to selected hydroxyl groups, thereby revealing the charac- 
teikric properiiies of each a^smunetric system in the molecule. 
The fascination of methylated sugars is such that one m%ht have 
conrinued to explore their jwoperties to the exclusion of the 
ultimate object in view in preparing such compounds. 

XHE oxYomsr ring 

This brings me to the r^ults obtained in the application cff 
methylated sugars to the structural problems of complex carbo- 
hydrates, but, as a prdimiuary to this discussion, let us glance 
for a moment at the question of the position occupied by t^e 
oxygen ring in the simple sugars. As 1 have already explained, 
the view originally held was &at glucose is definitely a butylene- 
oxide. 
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CSOH 
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CHOH 
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■ CH 

I 

CHOH 

I 

CHjOH 

That the ring does not, of necessity, remain in one fixed position 
was revealed about twelve years ago, when Fischer isolated a 
form of methylglucoside which differed from the known a- and 
/S-varieties. Following the general but regrettable custom, the 
new product was termed by him “'y-methylglucoside,’*’ and he. 
recorded that, when hydrolysed, it yielded ordinary ^ucose. 
Application of the methylation process at once gave the explana- 
tion as to why mei^ylgiucoside ^ould exist in a larger number of 
forms than stereodiemical considerations accommodate, as a 
new variety of tetramethylglucose utterly distinct from the 
crystalline sugar to which I have referred was thereby produced. 
Consideration will show that the only possible reason for the 
existence of these isomeric tetramethyl glucoses must lie in the 
different jKjdtions assumed by the o:^gen ring in each compound. 
The introduction of the methyl groups prevents the ring from 
reverting to a stable from an unstable pointion, and thus methyl- 
ated staffs are invested with increased importance, and acquire 
a new ^here of usefulness. 

The egression ‘'7-sugar” crept into use to designate aldoses 
and ketoses in which the intCTnal rii^ is displaced from the 
normal stable position, and has thertfore been applied to an 
entirdy new, hi^y reactive class of sizars. In view of these 
results, I would urge for extreme caution in accepting any sug- 
gestion that ^ttcose is d^nitely an amylene-oxide. There 
be no fixed and unalterable structure for glucose, as it is con- 
ceivable that the OTygen-iing may couple position 1 with any 
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of the five remaining positions, so that if we include an alddh.ydic 
variety, d-glucose may actually exist in eleven forms and may 
react as a mixture of any of these. It is not a case of one oxygen- 
ring, but the option of several alternatives and, in consequence, 
there can be no formula universally applicable to glucose. It 
follows also that the ring-structure of a sugar must be investi- 
gated separately in each derivative studied. 

Examples are now available in which this has been done. 
Recently, it has beeii shown that, when tetramethyl glucose is 
oxidised, a trimeilioxy-glutaric acid is found amongst the oxida- 
tion products. If this be acc^ted, the methylated sugar must 
be an amylene-oxide and the constitution of certain natural 
glucosides, such as Salicin, arbutin and indican, must conform 
to the following structural type: 

-CH- -o- -R 

CHOH 

I 

0 CHOH 

CHOH 

. I 

— CH 

I ■ 

CHiOH 

HI 

Beyond this it is inadvisable to go. 

Altiiou^ a considerable variety of methylated hexoses were 
prepared as a preliminary to the constitutional study of di- and 
pdl^Gchaiides, it has been ascertained in practice that only 
five of tiiese ^d application. The sugars in question are: 
tetramethyl ^ucose, two isomeric forms of tiimethyl ^ucose, 
tetramethyl r-fructose and tetramethyl galactose. The com- 
pounds are formulated below, but it is perhaps necessary to 
emphatise that only in the of tetramethyl glucose and of 
tetramethyl galactose are we Justified in allocating a fixed podtion 
to the internal o^?gen ring. 
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CHsOMe CHiOMe CH.OH CH,OMe 

2:3:4:6-Tetra- 2:3:6-Triittetliyl 2:3:4-Trimetliyl' Tetramethyl 
methyl glucose glucose. glucose. Y-fructose. 

or galactose. 

IV V VI VII 


Greater complications are encountered when we consider the two 
trimethyl glucoses. In one of these sugars (2:3:4rtrimethyl 
^ucose), which is a colourless liquid resemblit^ glycerol in 
appearance, the unsubstituted hydroxyl group is definitely in the 
No. 6 position, and the formation of this compound from a di- 
saccharide is proof that the one hexose residue is attached to the 
terminal position of the other. The case presented by the iso- 
meric 2:3:6-trimetiiyl glucose is more complex, as the oxygen 
ring imdoubtedly fluctuates between the positions 1:4 and 1:5, 
thereby ^ving us the two alternative compoimds represented by 
the following formulae: 

CHOH 

I 

CHOMe 

I 

CHOJSfe 

I 

CHOH 

I 

CH 

! 

CH^Me 
IX 

Notice that this disconcertk^ property at once introduces an 
ambiguity into structural studies, in that the formation of this 
sugar from a disaceharide is not disciimfnative, as the coupling of 




STStrCfrUBAL STtTDT OF CABBOHTDRATBS 


215 


the constituents may be throu^ mther position 4 or position 5. 
It is necessary to make this point clear as, in the structural 
clasafication of disaccharides built up by Haworth, this important 
issue has been entirely overlooked. In addition, ft is now recog- 
nised that his work includes a fimdamental experimental error, 
which renders his whole scheme valueless, and that, conse- 
quently, so far as the constitution of disactdiarides is concerned 
we are only at the banning of t hi-nga in place of at the end. 

a?HB niSACCHABinXiS 

■Let us turn to the authentic results obtained by applying the 
methylation process to disaccharides. The first point to notice 
is that two of the di^ucos^ are found to behave in exactly the 
same way as shown below: 

Maltose 2:3:4:6-TetTameth7l 

and on methylation glucose. 

Cellobiose and kydrolysie and 

2:3:6-Trimethyl glucose. 

On first inspection this result mi^t be interpreted as meaning 
that in maltose and in cellobiose the ^ucose retidues are attached 
throu^ the same positions, the one sugar bmng a-^ucose- 
^ucoside, and the other i8-^ucose-^ucomde. Such is not the 
case, however, and it has to be remembered that we must also 
accommodate iso-maltose and i8o-eellobi<»e within our structural 
scheme. It is impossible to do so unless we take into account 
the fact that 2:3: 6-trimethyl glucose could arise from either of 
the foUowirg di^ucose£i: 

caaoH 
1 

CHOH 

1 

CaSEOH 

I 

CH 




OBaOH 


CH • CHOH • CHOH -CHOH ■ OH • CEJJE 



Glucose S-glueoside. 
X 


CHgUTOAlt BBTXSrra, y<Bu IVs so. 2 
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— CHOH 
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CHOH 
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O CHOH 
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CH O 
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-OH 
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CHOH 


We are thiis forced to the conclusion that one of these formulae 
represents the pair maltose and iso-maltose, whilst the other is 
reserved for cellobiose and iso-cdlobiose. The same ambiguity 
is attached to the case of lactose, as the compound yields 2:3:4:6- 
tetramethyl ga3act(«e together with 2:3: 6-trimethyl ^ucose. 
In consequence, if we regard the non-reducing section of the 
formulae given above as representing galactose, this residue may 
be attached either to position 4 or 5 of the ^ucose component. 
The situation, apparently unchain, is greatly simpMed when 
we remember that good reasons exist for the belief that starch 
and glycogen are composed of 7-^ucose residues. This demands 
tlmt maltose must be represented by Formula X in which case 
•^ve are in a position to allocate Formula XI to cdlobiose. 

To the mass of evidence already available in support of this 
view, may be added the results recently contributed by Zempl6n 
who, having degraded cellobiose to a ^uco-eryldirose, fotmd that 
the product failed to form an osazone. This observation is 
con^tent with the allocation of a ^ucose 4r-^ueoside structure 
to cellobiose as shown in Formula XI. 

A clearer issue is discernible when we consider the case of 
gentiobiose, as this sugar, on methylation and hydrolysis, be- 
haves as synopsised below: 

2:3:4-Trimethyl glucose. 

CSenti<^ 

\ 

2:3:4:6-Tetramet]iyl glucose. 



CH • CHOH • CHOH • CHOH • CH • CHaOH 



Glucose 4-gIucoside. 
XI 
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In ibis case, there is no reason to doubt the fact that the hydro- 
lytic products have been correctly identified and, further, the 
result is free from the complication of a dual interpretation, so 
that the. structure of the parent disaccharide becomes: 

-CHOH 

1 

CHOH 

I 

O CHOH 

I 

CHOH 

I 

-CH 

CH • CHOH • CHOH • CHOH • CH • OHiOH 

L o I 

xn 

It is particularly gratifying to add here that one of the most 
recent results obtained by the American school of carbohydrate 
chemists has proved that the synthetic di^ucose prepared by 
Fischer and termed by him “iso-maltose” is identical with gentio- 
biose, and thus possesses the above structure. This observation 
is important, as it will have the effect of removing another con- 
fusion from sugar chemistry thror^ the deletion of the name 
“iso-maltose” for a disaccharide which is in no way rdated, to 
the iso-maltose obtainable from starch. 

:Takmg into account much supplementary evidence, a review 
of the whole situation ^ows that the reduch^ disaccharides 
based on glucose can be rel^ated to three structural types: 

-CHOH 

I 

CHOH 

O OTOH 

1 

CH -0 


CHsOH 

xm 

A represent^ eellabioae aad iso-oellobioBe, and 
where ^ galaeloee, also formulates lactose 


-O- 

- r -CH - (CHOH)» . CH • CH,OH* 
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B represeats maltose and tso-maltose, and where 
* = galactose also formulates melibiose 

€ 

CHOH 

I 
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O CHOH 
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CHOH 



CH • (CHOH), • CH ■ CH,OH* 



r 0 

I 

•O CH • (CHOH), • CH • CH,OH * 

XV 

C represents gentiobiose 



So far I have left tmtouched the important case of sucrose, 
partly on account of the difficulty involved in fllanri-ng up a 
problem which, in itsdf sufficiently complicated, has been rend- 
ered more confused throng the ace^tance of results based on 
faulty work. It is probably the best known fact in sugar chem- 
istry that sucrose may be hydrol^ed to give dextro-rotatory 
^ucose and laevorotatory fructose, but this has led to the idea 
that these constituents exist in the disaccharide in precisely the 
same form in which they are finally isolated. It is nevertheless' 
ihe case that the fructose component of sucrose is not the ordi- 
nary laevorotatory variety of the sugar, but the unstable form 
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into which the sugars may pass throu^ transposition of the 
oxygen ring. In other words, this component is ‘y-fructose. 

This was the first serious theoretical complication encountered 
by Purdie and myself twenty-three years ago for, naturally, 
sucrose was the first disaccharide to whidh we turned our atten- 
tion in developing the research scheme. An octamethyl sucrose 
was drily obtained and hydrolysed; the ordinary crystalline 
tetramethyl glucose was readily forthcoming as one of the scission 
products, but the fraction containing the tetramethyl fructose 
proved to be a liquid and, contrary to our expectation, was 
dextro-rotatory. This result can now be expressed in terms of 
the scheme 


2:3:4:6-Tetrameth7l glucose. 

Sucrose > Octamethyl sucrose<^ 

Ni 

Tetramethyl 7-fruetoBe. 

and the practical issue of the constitutional study of sucrose 
thereafter focussed on the structure of tetramethyl 7-fructose. 
Haworth, who investigated this problem, claimed with a con- 
fidence which from the first seemed unwarranted, that tetra- 
methyl 7-fructose is an amylene-oxide and that, in consequence, 
sucrose diould be represented by: 
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Kjn. 
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It is regrettable that the above fonnula has beea widely adopted, 
as repetition of the work has failed to confirm the restilts which, 
it may be remarked, are further vitiated by a sotous theoret- 
ical mistake. The oxidation of tetramethyl 7-fructose imder 
accurately-controlled conditions has now revealed that the com- 
pound is either a propylene-oxide or a butylene-oxide, with 
much indirect evidence in favour of the latter view. It follows 
that the formula for sucrose which can be most strongly sup- 
ported is: 




CH 2 OH 
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CHOH 
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CHsOH 

XVII 

It may be remarked that part of the evidence leadiug to the 
above conclusion has been derived from studying those complex 
but interesting compounds formed by condensing glucose or fruc- 
tose with acetone. This is another aspect of sugar chemistry 
which has been explored by the methylation process, and among 
the results obtained which are applicable to the problem now 
before us is the observation that whilst only 7-glucose condenses 
with acetone 7-fnietose is incapable of this change which is 
restricted to the sfable variety of the ketose. 

The application of the methylation process as a means of deter- 
mining structure can be extended far beyond the disacehatides, 
and has been used to examine the structure of thp tiisacchaiide, 
raflhiose. UnfOTtunately, on this question also, I must again 
disagree with both the evidence and the views submitted by 
Haworth. It is known that raffinc^e can be >hydrolysed in two 
ways which result in ^e formation alternatively of sucrose or of 
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melibiose, and it follows that a satisfactory formula for the 
trisaccharide must incorporate the constitutions of these disacch- 
arides. It was clahned that fuUy methylated raflfinose gave on 
hydrolysis: 

(а) 2:3:4:6-Tetramethyl galactose, 

( б ) 2:3:4«Trimet]iyl glucose, 

(c) 1:3:4;6-Tetramethyl 7 -fructoso. 

It is remarkable that this result is in agreement with formulae for 
melibiose and for sucrose which have been proved to be incorrect, 
and a scrutiny of the experimental details casts doubt on the 
identity of the trimethyl ^ucose actually isolated in the course 
of the work now referred to. The accepted formula for raffinose 
is thus incorrect in two out of the three hexose residues present, 
and the trisaccharide is much more probably represented by: 
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Glucose Besidue. 


CHsOH 


Fructose Besidue. 


Melibiose Besidue. Sucrose Besidue. 

XVUI 

ThCTe is, of course, one po^ble alternative, viz., that the attach- 
ment of galactose to ^ucc^ anay be throTi^ position 4 in place 
of position 5 as represented above. 

The de^ to rectify the errors which have crept into disaech- 
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aride structure has forced me to spend a conaderable time 
over these comppimds, and we have now reached a stage when 
it is doable to turn to another topic, and consider the progress 
in attacking the molecular structure of the polysaccharides. 
Speaking to this audience, I need not stress the point of the 
experimental obstacles wHch invested this section of our work 
with peculiar difficulty. These difficulties begin with the selec- 
tion of the experimental material — ^if we ask ourselves the question, 
What are the criteria of standard specimens of cellulose or starch? 
we are left without an answer — and they multiply when it comes 
to isolating pure methylated derivatives from the colloidal 
systems in which they are formed. What I have called, perhaps 
somewhat slightingly, experimental obstacles must be r^arded, 
however, as something more than mere inconveniences which 
have to be overcome, for it is only by close observation of every 
phyacal condition, as well as of every chemical property, that we 
can obtain a clear understanding of the polysaccharides. It 
would take too long to follow our various investigations in 
historical sequence, and 1 shall at once proceed to the results. 

CEUiXILOSE 

The first polysaccharide to be examined was cellulose, and it 
was quiddy evident that the investigator, who approached this 
problem after experience with the subtleties of sugars proper, 
had to place himself in the position of a sceptical chemist. Two 
initial questions had to be faced: (1) is cellulose built up of 
g|uc(»e retidues exclusively, and, (2) is cellulose based on I^ge 
molecules constituted on the model of complex glucosides, or on 
rim|de anhydio-sugars h^hly polymerised. As a result oi a 
series of strictly quantitative investigations, it was shown that 
cdlulo^ may be converted quantitatively into ^ucose, and the 
way was thus ready to subject the polysaccharide to methylation. 
In this particular case, the rilver oxide reaction was obviously 
inapplicable and, in consequence, we employed methyl sulphate 
and this metiiylatlon reagent has since become of general use. 
The introduclaott of the methyl groups proved to be a slow and 



STEUCTUEAL STTOT OF CAEBOHYBEATES 


223 


laborioTis operation, but ultimately a trimethyl cellulose was 
obtained as a friable mass which still preserved the external 
appearance and fibrous nature of the parent material. Hydroly- 
sis gave 2: 3: 6-trimethyl glucose as the sole product, and at once 
it was revealed that cellulose is molecularly constituted on an 
exceedingly simple plan. The pol3rsaccharide cannot be a com- 
plex ^ucodde of the type first advocated by Hess, but must origi- 
nate by polymerisation of a simple anhydro-w-glucose. There 
remains the question of the magnitude of n., and here we have, 
as a guide, the fact that cellulose is convertible into the disac- 
charide ceUobiose. It follows that the simplest molecular 
unit for cellulose which would satisfy this condition is an anhydro- 
cellobiose, and such a compound, in view of the quantitative 
converaon of cellulose into 2:3: 6-trimethyl glucose may be 
formulated in only one way, provided we accept the structure of 
ceUobiose already developed: 

0 


O GH CHOH CHOH CH CSE CHiOH 


XIX 

It is to be reuaembered, however, that, even under the most 
favourable conditions, the yield of ceUobic^ obtainable from 
ceUulose is far ^ort of that demanded by the above formula, so 
that the next pcmbility to be considered is that the unit may be 
an anhydro-trisaccharide. We are now confronted with two 
possible formulae, as the anhydro-ceUobiose postulated above 
may be expanded in two ways, so as to include a tiiird ^ucose 
residue. In discriminating between these alternatives it is 
undetirable to speculate too freely but, so far as our present 
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knowledge goes, the most satisfactory formula for an anhydro- 
trisaccharide related to cellulose is: 

CH*OH 

I ■ . 

CH 0 

1 I 

O CH CHOH CHOH CH 

O 

O CH CHOH CHOH CH CH CHiOH 
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XX 

Puttii^ this idea to the test, cellulose has been depolymerised 
imder accurate conditions, until the simplest poi^ble deoctrins 
are formed, and the result then obtained is striking. The product 
is naturally a mixture, but the essential constituent is the dextrin 
(C6 HioOs)s. Here again, the methylation process has been 
valuable, as by its aid this anhydro-trisaecharide has been con- 
verted into soluble draivatives, by means of which it was possible 
to establMi the all-important matter of the molecular wdght. 

, It must not be assumed, however, that cdlulose is exclusively 
buflt up d aniydro-trigjueose molecules. The experimental evi- 
dence so far available justifies no more than the statement that at 
iMifift one-tiurd d cotton cellulose eondsts of polymerised anhydro- 
tri^cose, while tiie results of x-ray spectrographic -analysis indi- 
cates that the 0« residues are marshalled in even numbers, 
probably in grtmps of four or six. Taking both typ^ of evidence 
into aceormt, my view is that the celluloses may be regarded as 
polymerides of several basal units, in some of which an even and 
in others an odd number of C® chains are present. The con- 
tribution d the oi^mic chemist has at least diown that these 
imits are excludvdy cmnpc^ed of glucose residues, that the 
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linkage of these residues is in all cases identical, and that one of 
the units present is anhydro-triglucose. 

STARCH AND GLYCOGEN 

I have merely sketched the position reached in the study of 
cellulose, and must hasten to the remaining polysaccharides, 
starch and ^ycogen, which display similarly the feature of being 
derived from glucose. It would be attempting the impossible 
to enumerate, in the course of this address, the points of distinc- 
tion which these compounds show relative to each other and to 
cellulose. Both compounds give a trimethyl derivative, differing 
only to a small extent in specihc rotation and, in each case, sub- 
sequent hydrolysis gives 2:3: 6-trimethyl glucose. Now that we 
know where we stand regarding maltose on methylation this 
result is consistent, in place of being regarded as abnormal and 
inexplicable. 

The behaviour of starch on methylation is full of instructive 
features, as the process can be arrested at three definite stages, 
and the analytical composition of th^e consecutive products 
points strongly to the idea that there are nine, or a multiple of 
nine, hydroxyl, groups in the unpolymerised molecule. The first 
compound to satisfy this condition is^ of course, an anhydfo- 
trisaccharide, while the next simplest would be the corresponding 
anhydro-hexarsaecharide. If we refer back for a moment to the 
constitution of maltose and of ceUobiose you will rmieanber that 
we have to make a selection from two alternatives. This neces- 
sity extends likewise to the pol 3 ^accharidas which yield these 
disaccharides, and we have already selected one alternative 
formula in the case of cellulose. There remains the equally 
arbitrary selection of the surviving option to accommodate tiie 
case of starch, which we may thus regard as composed of glucose 
residues joined ihrou^ positions 1 and 5. At this stage the 
organic chemist joins forces with the biochemist, and recc^oises 
that the action of selected enzymes on starch may give either 
maltose or iso-maltose. It is thus possible to construct a formula 
for starch which satisfies both chemical and biochemical con- 
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sid^atioiis. This fonuula must contain an even number of Cs 
residues, and the total number of hydroxyl groups must be a 
multiple of nine. These conditions are fulfilled by the following 
structure which is similar to that si^gested by ling. 
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Such, a formula is not founded on speculation alone. For ex- 
ample, it demands that out of a total of 18 hydroxyl groups 
twelve should be different from the remaining six, and methyla- 
tion. confirms this in all respects down to the actual positions 
occupied by these groups. Nevertheless we must be careful not 
to be too rigid in our views, and ou^t rather to remember that 
there is not one starch but many. We are not even justified in 
claiming that anhydf o-hexo-glucose is the one and only molecular 
unit of starch, and we have no knowledge whatsoever of the 
different polymerides to which this unit may give rise. 

The comparable researches on ^ycogen are concerned with 
minute details unsuited to a general discussion of this nature, and 
time permits only of brief reference to inulin, the remaining com- 
mon polysaccharide. Here we are confronted with exactly the 
same phenomenon as we encountered in the case of sucrose, for, 
althoui^ inulin on hydrolysis yields laevo-rotatory fructose, 
this reaction provides misleading evidence as to structure. 
Inulin is, in fact, exclusively composed of 7 -fructose readues, 
and treatment with acids thus initiates two consecutive reactions, 
the jfirst being hydrolysis to give the imstable variety of the 
ketose, and tihe other the conversion of this sugar into the ordinary 
stable form. Methylation places a check on the second of these 
changes and, in coirsequence, the hydrolysis of tsimethyl inulin 
gives a dextro-rotatory trimethyl 7 -fructose, in which the internal 
oxygen rii^ can no longer fluctuate. This at once proves that 
the fructose residue in inulin is identical with that in sucres, 
and we are now in a position to consider what is the ample 
molecule which, by polymerisation, pves the polysaccharide. 
The situation is a little different from that presented by cellulose 
and starch, as inulin differs from these polysaccharides in its 
failure to yield a disaccharide as the penultimate product of 
hydrolysis. In consequence, tibiere is meanwhile no justification 
for consideting any more complicated possibility than that inulin 
is a pdymeride (or series of polymerides) of anhydro- 7 -fructose, 
to which the following structure may be asagned: 
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It is perhaps a simple statement to make, but it opens out vast 
possibilities for diseusdon, and raises the question as to the 
reasons underlying the fact that in the two great natural sources 
from which it is derived fructcae exists in the y-form. 

At this stage, I must apply the closure to our review which, 
although lengthy, has included only the salient parts of the argu- 
ments upon which these conclusions are founded, and has left 
untouched the supplementary studies involved. Th^ have not 
been haphazard or mthout design, as our investigations of such 
substances as the anilides, acetone derivatives of sugam, or of the 
phenomenon of optical activity or of polymerisation will show. 
We have been piecing together the framework of evidence on a 
sydiematic plan. The present is a time at which it is opportune 
to look into the future, as well as on the past, and to ask our- 
selves on what lines ou^t sugar chemistry to advance if it is to 
play its part in unfolding the mysteri® of living chemistry. If 
I may vmture to speculate, it would be to say that the constitu- 
tional study of carbohydrates will quickly reach its limit. We 
are fast approaching the point where we diaU know what these 
substances are, without knowing why and how they react in 
Nature. The sugm: ehmiistry of the future will, I trust, be 
eoncemed (hiefly with syntheses and reactions conducted not 
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under the ^artificial conditions of the organic laboratory, but 
■within the narrow range of temperature and "with the modest 
reagents of the living cell. It -will be a chemistry controlled by 
severe physical restrictions, energy will be supplied by li^t rather 
than by heat, diffusion will replace filtration, polymerisation 
and asymmetric syntheses will be daily operations. 

I began -with an expresaon of gratitude, and, prompted by the 
recollection of all that has been involved in the work now laid 
before you, I end on the same note. Memory conjures up the 
loyal collaborators, drawn from aU the continents, who have come 
to St. Andrews to give enthusiastic hdlp. Nor do I forget what 
I owe to the discoveries which have proceeded from •the research 
laboratories in this and other lands, for although under the special 
circumstances of my address I have confined myself largely to 
my own problems, I am deeply conscious of the fact that in 
scientific effort each man’s work is but the making of a thread 
which goes to fashion the great fabric of truth. 




STATIC ANB DYNAMIC ISOMERISM IN 
PROTOTROPIC COMPOUNDS^ 

T. M. LOWRY 

University Chemical Laboratory, Cambridge, England 
A. THE I>EIlNITION OF TATTTOMBRISM 

1. A new definition of tazitomeri^ 

The discussion on tautomerism, at the Oxford Meeting of the 
British Association in August, 1926, seems likely to become of 
historic importance on account of the novel definition of this 
much-disputed term on which the discussion was based. More- 
over, in view of the comments made upon it, there seems to be 
a very reasonable prospect that the admirable definition which 
was then put forward may be adopted generally, and may thus 
displace once for all the diverse interpretations of the term 
which are now in use. The definition in question describes the 
phenomenon of tautomerism as follows: 

This term is applied to the property exhibited by certain compounds 
of behaving in different reactions as if they possessed two or more differ- 
ent constitutions; that is, as if the atoms of the same compoxmd or 
group were arranged in two or more different ways, expressible by 
different structural formulae. 

The author of this definition has not been disclosed; but since it 
was cited froni the Oxford Dictionary, and Was circulated widely 
in the Preliminary Program of the Oxford meeting, it may very 
well be referred to as the *^Oxford'^ definition. Its principal 
characteristics are (i) that it abolishes finally the distinction, upon 

iTor earlier reviews of the subject see reports on “Dynamic Isomerism’’ 
(Briiash Associarion Beports, Cambridge, 1904> pp. 193-224), on “Isomeric 
Change’* (Science Frogross, Apiil and October 1999), and on '^The Mechanism of 
Chemical Change’’ (Beport of the Second Solvay Conference, 1925, pp. 135-178). 
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which Laar insisted so strongly, between “tautomerism” and 
“pseudomerism”, (ii) that it defines tautomeriam as a purely 
chemical phenomenon, and thus distingui^es it sharply from the 
physicochemical phenmnenon of dynamic isomerism, (iii) that 
it aboMies the former limitation of the term to prototropic 
compounds and extends it to mobile structures of other types. 

Tavtomerism and pseudcmerim 

The term tauctomerism was used for the first time by Laar in 
1885, in a paper, “Ueber die Moglichkmt mehrerer Struktiir- 
f ormeln Mr dieselbe chemische Yerbindung” (1) . This paper was 
based on the observation of Zincke (2) that the phenylhydrazone 
derived from naphthaquinone was identical with the phenylazo- ' 
derivative of o-naphthol, with which it should have been isomeric : 

Cjai-NH-N;Cuff .:0 CJE,-N:N*Ci(B,-OH 

Hydmone Azonoompound 

^ce it was uncertain which of these formulae should be astigned 
to the identical product of the two reactions, Laar suggested that 
hoih formulae were equally correct, and described the supposed 
existmce of a dual structure in the compound as “tautomerism.” 

The term pseudomerim was introduced by Laar in 1886, (3) 
in {ffdar to describe von Baeyw’s discovery (4) that a substance, 
to whirii a perfectly definite structure could be asrigned, mi^t 
yield (or be prepared from) derivatives having a totally (fifferent 
structure. Thus, Bacyeris observations riiowed that, althou^ 
isatin yields an 0-ethylisatin by direct ethylation, an isomeric 
N-ethylisatin can be prepared indirectly from ethylindole by 
oxidation, althoi^ the pseudo-isatin frmn whirii it is derived is 
altogether unknown: 


00 


CO 




/ \ 


\ 


C • OH O6H4 


/ \ 


0 * OHt 
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N , N 

iBsyb ; EUi3rl-l8ati& 


CH CO 

/ \ / \ 

CflHi CH C6H4 CO 

\ / \ / 

NEb . Nm 

Hthylindol Ethyl-^isatln 
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The most familiar example of pseudomerism, however, is prob- 
ably that of vinyl chloride, which on hydrolysis yields acetalde- 
hyde instead of vinyl alcohol: 

CHj : CHCl -» [CT, : OH • OH] CH, • CHO 
Vinyl chloride Vinyl alcohol Aldehyde 

A converse case is that of camphor which, when boiled with 
benzoyl chloride, 3delds the benzoyl-derivative of an unknown 
enolic isomeride: 

OH, GH 

g^m<^| Gjau<^|| 

.CO 0 • 0 • CO • cja. 

The Oxford definition, in obliterating finally tibe distinction 
which Laar made between the phenomena of pseudomerism and 
of tautomeiism, has the advantage of bring in agreement wiih 
the carefully-considered definition of Kurt Meyer (6) who uses 
“tautomerism” as a general term to describe the three phenomena 
of : (i) demotropy, where the parent compound behaves as a mix- 
ture of two.isomerides, (u) pseudomerism, where the parent com- 
pound is of known structure, but gives rise also to a different struc- 
, turein some of its derivatives, (iii) cryptomerism, where the nature 
of the underlying isomerism is still obscure. Since, after the lapse 
of 40 years, many of the examples cited by Laar can still only be 
described as "cryptomeric,” there is an obvious advantage in 
makmg use of a defiriition which covers all th^ cases without 
attempting to classify them. 

S. Tautormrism and dync&nic tsomerism 

The necessity for a new de^finition of tautomerism arises from 
the fact that Laar embodied in hte origh^ definition a theory 
which is now universally recc^nized as being incorrect, at l^ust in 
the cases to which he applied it, namely, that the various formulae 
which can be assigned to a tautomeric compound represmit "not 
isomeric but identical substances” (6). The new definition has 
the advantage that there is no theory briiind it, rince it is limited 
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to a mere statement of the fact of dual reactivity, and does not 
attempt any e^lanation of that fact. Its scope and TneaniTig are 
therefore quite different from those of the term “dynamic isomer- 
ian,” since tautomerism is now defined as a purely fihATniftH.1 
phenomenon, whereas “dynamic isomerism” is a physico-chemical 
phenomenon which may or may not be the original cause of the 
dual reactivity of a tautomeric compound. 

The phenomenon of dynamic equilibrium between isomers, 
which we now describe as dynamic isomerism^ was discovered by 
Butlerow in 1877, d^t years before the appearance of Laar’s 
first paper (7). Butlerow had found the first example of a re- 
versible isomeric chaD^ in the case of the isodibutylenes. 


OMjBs * OS 

t 


-< 


CH* 

CMe,-CH,*C<^ 

I ^ 

I ^CHi 


He therefore suggested that a similaT condition might prevail in 
more labile compounds, and, in particular, that the isomeric esters 
of cyanic and hydrocyanic acid might be derived from real 
isomers, which had, however, been brought into a condition of 
d3mamio equilibrium with one another, and could not therefore 
be isolate as separate entiti^; 

CHiO •C:N<-HO-CiN;=iH-N:C:0-» CH, • N : C : O 
Methyl cyauate Qyanie aeid Methyl isooyaiiate 

CH,-0: N <- H-C; N H-N;C: -»■ CH,*N:C: 
h&tbyl eyaatde Hydiocyaaic acid lllfethyl isooyanide 

Butlerow, unfortunately, was much more concerned with the facts 
which he had established than with the very important theoretical 
Gonclurions which he had derived from th^. He therefore 
published his work under the modest title “Ueber Isodibutylen,” 
and did not even invent a term to cover the condition of dynamic 
eguilihnum amongst isomers which he had discovered. Laar, on 
the other hand, achieved immortality because he invented an 

* Hub term was first used ia a paper on “Nitrocamplior as an Example of 
Dynanac Isomerism" Lowry: J. Chem. Soe. 76, 211 (1899). 
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attractive name to describe the facts recorded by other workers, 
and, moreover, took the precaution of setting out the substance 
of bis theoretical considerations in the title of his paper. As a 
result of this policy, the tenn which he introduced has come intO' 
general use, in spite of the fact that it was linked with an ex- 
planation which we know to have been incorrect, at least in the 
main group of cases to which he applied it. 

A condition of d 3 mamic equilibrium amongst isomers, similar 
to that which Butlrarow discovered in 1877 in the alcohols and 
olrfines of the Cs series, had been postulated five years before by 
Kekul6‘ (8) as a remedy for the most obvious wealmess of his new 
formula for benzene, namely that it predicted an isomerism, 
which could not be realized in practice, between the 1:2 and the 
1:6 diderivatives. Eekul^'s dynamic hypothesis, however, had 
no other justihcation than his own reluctance to admit that 
carbon in aromatic compounds may perhaps be teivalent. It 
was therefore a mere “brain-wave,” and was not supported by any 
trace of experimental evidence. On the other hand, since no 
serious chemist expects to be able to isolate isomeric compounds 
corre^onding with all the divase fonnulae which have been 
attributed to benzene during the last fifty years, it is clear that in 
this case at least we can without any hesitation apply Laar’s 
carefully-worded definition (“Ueber ^e H 3 T)othese der wech- 
selnden Bindung” (9)), accordii^ to which the various formulae 
that can be assigned to a tautomeric compoimd repr^ent “not 
isomeric but idenlAcol substances/^ Whilst therefore it would be 
obviously unfair to transfer from Buterlow to Kekul^ the merit 
of discovering the phenomenon of reversible isomeric change, we 
may nevertheless asrign to him the credit of havii^ put forward 
an example of tautomeiism which approaches more nearly to 
Laar's definition than any other ease that has been investigated 
since the problem was first discu^ed. 

4. Tautomerism and prototropy 

Another important feature of Inax’s pap^ is the list of ru&- 
stances in which he claimed to have detected the dual structure of 
a tautomeric compbund. Almost all of these sul^tanees owe 
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t-'hfiTr dual reactivity to a mobile hydrogen atom, the position of 
which is difficult to determine, either because different reactions 
appear to locate it in different positions in the molecule, or be- 
cause it migrates very easily from one petition to another even 
when it has been definitely located. It is clear that neither the 
phraiomenon of dual reactivity, nor that of reversible isomeric 
<hange, need be limited to compounds containing a mobile hy- 
drogen atom; nevertheless, the influence of Laaris origmal list of 
cases has proved so strong that this factor is frequently included 
in the definition of tautomerism. Thus, in the recent translation 
of Schmidt's “Text-book of Organic Chemistry," dated 1926, we 
read: 

A sabstance is tautomeric when it forms two series of derivatives. 
These are derived from two parent stmetores wMck differ only in the 
posiHon of a hydrogen atom and of one or more double bonds.* 

In the same way Kurt Meyer (5) (he. eii). su^ests that 

Substances are tautomeric, if they form two series of derivatives 
which are deduced from two isomeric formulae; Ume formidae differ 
from one artoOter in the posiUon of a hydrogenroiom, and of one or more 
doiMe bonds.* 

Since nobody now believes m Laaris theory of tautomerism, as 
he himsrif defined and applied it, this choice of an alternative 
characteristic from his schedule as the basis of a new definition is 
as lawful as any other; but the limitation which it imposes is out 
of harmony wiih the terms of the “Oxford" definition cited above, 
and, in my opnion, it ^ould be abandoned, if only because it 
excludes the most characteristic of all cases of tautomerism, 
namely that oS hydrocarbon benzene. On the other hand, the 
^meric changes which depend on the mobility of a hydrogen 
atom are so special and so important that it is very derirable that 
they should 1^ described by some less ambiguous word, socially 
fflime it is now proposed to assign to the term “tautomerism" a 
HManing in which this particular factor is entirely ignored. The 

* ifelies Boise, T. M. L. 
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necessity for such a tenn, which is admitted in both of the pre- 
ceding definitions, was recognized 40 years ago by Jacobsen, who 
introduced the word desmoiropy for the express purpose of de- 
scribing ‘*a rearrangmeni of bonds coTiseqtceni upon the displacement 
of a hydrogen atom."* When used by Jacobsen, therefore, (10) the 
word has nothing whatever to do with the possibility of isolating 
the various isomeric hydrides. The latter alternative meaning, 
which was su^ested by Eantzsch and Hermann in 1887 (11) has 
howevCT, rendered Jacobsen’s term ambiguous, and therefore use- 
less for its original purpose. As a result, there was, until recently, 
no word available to describe specifically the important group of 
balanced isomeric changes which Jacobsen sou^t to differentiate. 
Since Jacobsen’s “bond-shifting” has thus been put out of action 
as a description of the migration of a proton and the rearrange- 
ment of bonds which accompanies it, I have fallen back on the 
other and more characteristic aspect of this dual process, and have 
described Jacobsen’s phenomenon as “proton-diifting” or pro- 
toiropy (12). In view of the interest attaching to this type of 
isomeric change, and the large amoimt of attention that has been 
^ven to it, the remaining sections of this report are devoted to a 
consideration of the mechanism of prototropic change, and to the 
esperimental study of the conditions imder which it can be 
arrested and promoted. 

B. THE MECHANISM OE PBOTOTEOPIC CHANGE 
6. Bvflerow’s two types of prototropy 

The readiness with which isomeric hydrogen-omupounds can be 
converted into one anolher vari^ very greatly. Thus, in many 

*The complete quotation is as follows:- word ‘tautomerism’ is based on 
I^bar^B view, which (1 believe) is not shared by most chemists, that the molecules 
of compounds whose chemical behaviour is represented by two structural formiilae 
differing in the point of attachment of a hydrogen atom never assume a deffnite 
constitution, but exist in a constant state of oscillatory change. The majority 
of chemists would explain the observations in question in this way, that the known 
forms of such compounds are to be reprinted by a definite grouping of atoms 
which in (^rtain reactions passes over into an isomeric grouping by a rearrange- 
ment of bonds consequmit upon the di^lacement of a hydrogen at<^.’^ Bcr. 20, 
1732 (1887), footnote. 
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cases no conditions have yet been discovered under which isomeric 
change can be effected, whilst in others the interconversion pro- 
ceeds so readily that it has not yet been found possible to isolate 
any one of the components of the equilibrium-mixture as a sepa- 
rate entity. This contrast was clearly brou^t out by Butlerow, 
who drew a sharp distinction between the isodibutylenes, which 
underwent isomeric change only in presence of strong sulfuric 
acid, and the cyanic and hydrocyanic acids, which appeared to 
imdergo a »milar isomeric change without the deliberate addition 
of a eatal3ret. Both t3q)es of change can be represented on paper 
by a precisely similar scheme, depending on a direct migration of 
a hydrogen atom from a to a j 8 or -y position, with a consequent 
rearrangement of the intermediate bonds, thus: 

C — C = Ct=^ 0 = C — C compare 0 — C=N 0 = C = N 
1 1 „2[ .t t .g 

but, in ^ite of this superficial analogy, I have felt for many years 
that there is a very real difference between the two groups of 
cases. Further consideration has confirmed this instinctive opin- 
ion, and has led me to conclude, not only that a definite mechan- 
ism is required to bring about isomeric change in all prototropic 
compounds, but also that there is an important difference in the 
mechanism by which isommc change takes place in Butlerow's 
two types of cases. 

d. MohiMiy and acidity in prototropie compounds 

The term “prototropy” is based upon the view that the wander- 
ing of a hydrogen atom in a prototropic compomd is an ionic 
reaction, in which the mobile atom migrates as a hydrogen ion 
or proton, i.e., as a positively charged nuclem and not as an elec- 
trieally-neutral atom. Since the liberation of a proton as a 
hydrogen ion is stpecistUy dfiaracteristic of adds, it is obvious that 
prototropic charge must be closely related to the property of 
addiiy. Thus, according to modem views, an acid always exists 
in a condition of dynamic equilibrium, in which a proton is 
continually bang exchanged between the acid and the solvent, 



STATIC AND DYNAMIC ISOMERISM 


239 


+ ““ 

e.g., HaO + HX ^ HjO + X. If, however, the ion X is 
“multipolar” (13), or is itself capable of undergoing isomeric 
change, so that the proton can be reattached at different points 
on the anion, thus &vmg rise to a series of isomeric hydrides, all 
the conditions for a reversible prototropic change are fulfilled. 
It is therefore probably not a mere coincidence that prussic acid 
from which, after the lapse of nearly half a century, isomeric 
forms have not yet been separated, is an acid of a more definite 
character than most of the compounds in whidi this separation 
has been accomplidied. It is indeed obvious lliat a compound 
from which a proton can be separated by mere contact with water 
is in an exceptionally favourable condition for imdergoing proto- 
tropic change, provided always tiiat there are two alternative 
positions in which the proton can reattach itself to the anion. 
On the other hand, it follows from this hypothesis that, if in the 
future the “acidity” of the compound could be suppressed com- 
pletely, e.g., by drastic drying, the mobility of the hydrogen atom 
would also be suspended. 

Evidence of this character is cited in a later paragraph, in which 
it is shown that, just as acidity can only be developed in presence 
of a proton-acceptor such as water, so also prototropic change in 
a methylated sugar can only take place when the medium possesses 
both acidic and basic proper^. Similar evidence of the close 
relationship between acidity and mobility in prototropic com- 
pounds is found in their sentitiven^ to alkaline catalysts, since 
it would be difficult to find an interpretation of this effect apart 
from the obvious influence of a base in developing the latent 
acidity of the compounds upon which it acts. 

7. Mechanism of isomeric change in olefines 

The fact that Butlerow’s isodibutylenes are entirely inert 
towards alkalis, but undergo isomeric chaise in present of a 
strong acid, is o priori eviden<» that these hydrocarbons do not 
contain a mobile hydrogen atom of the normal type. A clear 
explanation of thdr behaviour can, however, be givai if we 
suppose that they acquire a mobile hydrogen atom when the 
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nlAfinft combines -with the ions of sulfuric acid to form an iso- 
dibutyl sulfate.* 

CWEtie + HjSO* cja» • 0 • so, • OH 

According to ibis view, the hydrogen attached to the a and y 
atoms of the 3 -earbon system of the isomeric olefines is entirely 
immobile; but this state of affairs is altered completely when the 
sulfate radical is attached to the intmmediate j3-atom. This 
stron^y negative radical then acts in the usual way to promote 
the si^aration of a podtiveiy-cbarged radical from the system; 
it therefore mak% it possible to ^lit off a proton from either of 
the adjacent atoms of carbon, and by a reversal of this process to 
promote the migration of a hydrogen from the a to the 7 position, 
or conversely: 


GMg, ' CH 
a 


T 


CH, 


GMe.-OH,* 
HO • SO, • 0 




tH,S04 



8. Absolute and condiHoncd taukmerism 

!From a consideration of these examples it is clear that, whilst 
the tautomeiism of prussic acid is apparently absolute (since we 
do not know any method of arresting the reversible isomeric 
change, and cannot therefore hope to find any reagent which will 
enable us to distinguish between the two components of the 
mixture) the tautomerism of the isodibutylenes is conditional upon 
the presence of a strong add. It will be noticed that Laar re- 
^irded all cases of tautomerism as absolute, but that subsequent 
workers have succeeded in finding conditions and reagents which 
Imve enabled us to recognize in one case after another that the 
tautomerism is only conditional. Thus, Ehorr (14) in addition 


* Batlerow Itad proTed that the conversioii of amylene into amyl hydrogen 
sulfate was a baianoed action; he had therefore strong experimental support for 
the view that the isomeric change of the isodibutylenes effected through the 
ieversll^ formation of a sulfate, and depended on the fact that ^er-isodibutyl 
g;avB im {somene when sulfuric acid was eliminated from it. 
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to separatmg tlie two components of aceto-acetic ester, was able 
to prove that they reacted differraitly towards ferric chloride, 
and were therefore not tautomeric towards this reagent; and 
Kurt Meyer (15) was able to develop a general method whereby 
the ketonic and enolic forms of a prototropic compound can be 
estimated by titrating the latter form with bromine. There can, 
therefore, be little doubt that further experiments will provide 
evidence that other cases of tautomerism are conditional upon 
the presence of some suitable catalyst; but, dnce nearly all pro- 
totropie compounds are very senative to the action of alkali, the 
reagents used in this work must be free from alkali, and in general 
must be neutral substances. 

An interesting example of conditional tautomerism is afforded 
by the a and a' chlorocamphors and bromocamphors. Since 
these isomers are brou^t into equilibrium by alkalis, they must 
nec^sarily behave as tautomaic substances towards all alkaline 
reagmits ; but they are not necessarily tautomeric in acid solutions, 
where isomeric change is inhibited. It is therefore interesting 
to notice that, whilst the two chlorocamphors yield a pair of 
isomeric chloronitrocamphors on nitration (16) 

casci 

CO 
a and a' 

Chlorocamphors Chloronitrocamphors 

tire two bromocamphors yield mi identic^ product. Exampliy 
as these surest that tiie relationsh^ between tautomerj^ 
and dynamic isomerism is not so close as has generally been 
supposed, since it is clear that dud reactivity may be devdoped 
under conditions which appear to rule out tire possibilii^: of re- 
versible iscHueric change. 
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C. PROMOTION AND ARREST OP PROTOTROPIC CHANGE 

9^ Catalysis of mvtarotaiion hy bases, adds and salts 

At a date when the nature of the chaises which &ve rise to 
mutarotation was still unknown, O’Sullivan and Tompson (17) 
recorded the fact that mutarotation taJces place instantly on the 
addition of alkali to a solution, of a reducing sugar. A similar 
effect was observed in the first experiments in which mutarotation 
was recorded as a sequel to isomeric change in a prototropic 
compound, since a solution of nitrocamphor, in alcohol to which 
sodium had been added in the proportion of 0.25 grams of metal 
per litre, already showed a steady rotatory power when the first 
reading was taken after an interval of only three minutes from the 
time when the solution was prepared (18) . No analogous acceler- 
ation was observed, however, when a decinoimal solution of 
hydrochloric acid in alcohol was used instead of alcohol as a 
solvent for nitrocamphor, although acids were known to have a 
marked influence in accelerating the mutarotation of the sugars. 
Later experiments (19) have diown that the velocity of mutarota- 
tion of an aqueous solution of glucose is a symmetrical function 
of the hydrogen-ion concentration, falling to a flat mifiirnmn at 
pH = 5, and rismg steeply when pH is less than 2 or greater than 
8. The acceleration therefore begins to be appreciable in acid 
solutions at concentrations above n/100 and in alkaline solutions 
at concentrations above n/1,000,000. 

Since nitrocamphor is insoluble in water, and the values of pH 
in non-aqueous solutions are unknown, it is not practicable to 
plot a similar curve for Ihe influmce of hydrogen-ion concentra- 
tion on the velocity of mutarotation of this compound. Experi- 
ments on the mutarotation of solutions of nitrocamphor in ben- 
zene (20) tiiowed, however, that adds as well as bases can act as 
catalysts for the underlying prototropic change, althou^ this 
effect was masked by the cataljrtic activity of the solvent when 
the first test was made in aqueous alcohol as described above. 
Eixperiments on the catal 3 rtie activity of acids aie complicated 
by the fact that, even at ordinary temperatures, a fiuther ir- 
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reversible isomeric change of the Beckmann type takes place, 
which does not occur in tiie prince of alkalis. 


CH-NO. 

CaHiiC^I 

CO 


0;N0-0H 

C1»Hi4<^| 

CO 


NOH 



0 


Nitrocamphor 


^^-Nitrocamphor Camphoryloxime 


^ain, when chloroform was used as a solvent, it was found that 
acids may retard and even arrest the mutarotation of nitro- 
camphor, by accelerating the oxidation of chloroform to carbonyl- 
chloride, wliich acts as an anticatal^^t for the mutarotation (see 
below, p. 245). In spite, however, of the limitations to which 
experiments of this type are subject, it was shown clearly that 
acids as well as bas^ have a definite catalytic activity in promot- 
ing the mutarotation of nitrocamphor. Li particular, it was 
foxmd that n/10,000 trichloracetic acid produced about the same 
acceleration as n/100,000 piperidine. 

Hie remarkable catalytic activity of bases in the mutarotation 
of nitrocamphor can be illustrated by the fact that the velocity 
of diange was doubled (as contrasted' with the velocity normally 
devdoped by casual impuriti^ in the inert solvent) when the 
proportion of base was only one part in 10 million, or 1 decigram 
per ton of benzene. Piperidine in benzene was shown to be 
100,000 times more active than aniline in the same solvent, and 
100 times more active than sodium ethoxide in alcohol; but, since 
none of these effects can be attributed to hydroxyl ions, which 
were not pr^ent in any of the solutions, except perhaps as im- 
purities, they cannot very well be expressed as a function of the 
idkalinity of the bases in water, or of the hydroxyl-ion concen- 
tration of their aqueous solutions. 

Neutral salU also have a marked catalytic activity m the 
mutarotation of nitrocamphor. Thus the velocity of chai^ of 
a solution in alcohol or in benzene was increased fourfold by shak- 
iog the solvent in the first case, and the solution in the second case, 
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■with solid potassium chloride. This result follows naturally from 
the fact that the salts of idtrocamphor are neutral compounds, 
which do not readily undergo hydrolysis, and are therefore de- 
rived from an acid of sufficient strei^th to compete with a mineral 
acid for possession of a base. The sugars, on the other hand, 
which have no marked acid or basic properties, scarcely respond 
at all when e:q)eriments on mutarotation are carried out in 
presence of neutral salts, such as sodium or potassium chloride, 
even at relatively hi^ concentrations. 



Fia. 1. Chamob in Kotatobt Fowbb or Nixbocauphob in SoLimoN 

IN Chbobofobu 

10, Arrest of rnvtaroiaivm in inert solvents 

Special interest attaches to those cases in which an isomerism, 
which is normally dynamic, can be rendered static by special 
methods of treatment, since it is very important to determine 
whether these facile change4 are or are not spontaneous. The 
first ease this kind to be recorded amongst prototropic com- 
pounds was that of nitrocamphor, where an arrest of mutarotation 
esrtendii^ over a p«ri,od of many days was observed in solutions 
of nitrocamphor in chloroform (21). Thus figure 1 ^ows that, 
whilst a 5 p» cent solution ■which was tranri'erred to a polarimeter 
tube of soft ^lass b^an to chaise immediately, and had readied 
a condition of equilibrium at the end of eight days, the remainder 
of the solution, ■which had J}emi kept in a measuring-fiask, had 
scarcely dmnged at ah at tiie end of seventeen days, when it was 
tramferred to the ptfiarimeter tube fpr esamination. 
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These abnormal solutions were probably contaminated with 
carbonyl chloride (formed as an oxidation product from chloro- 
form according to the equation 2CHCli + 0* = 2 COCI 2 + 
2HC1), since this compound acts as a powerful anticatalyst, 
especially by eliminating nitrogeneous bases in the form of car- 
bamides. The deliberate addition of carbonyl chloride therefore 
made it possible at a later date to produce s imilar arrests of mu- 
tarotation in benzene and in eOver, provided that tilica vessels* were 
used to contain the solutions (22) . The discovery that mutarota- 
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a b 

Elo. 2 

a. Mntaiotation of teferasaethylglueose in “di?” and ethyl aoetate. 

X, dry. o, wet. 

b. Mntarotation of tetramethy^ueoee and glucose in “di^r” pyridine, o, 
gdncose. Xj tetramethylglucose. 

tion could be arrested almost completely in ether was ^ecially 
important, tince the opinion had been held previously that 
wldlst hydrocarbon solvents were inert, oxygenated solvents in 
general were active promoters of mutarotation. This early q{nn- 
ion was also disproved when it was found that the mutarotation 
of tetramethylglucose in dry t^yl acetate (fig. 2, a) eoidd be 
arrested completely during a period of at least 10 hours b^ore a 
change was slowly initiated (23). 

* Compare tha iaicHr trork of Kurt Meyer: Ber. 68, 1410 (1020); 54, 579 (1921) 
on rite aaeprio disriiiaiidn of eth;^ soetoaeetate in vessels of alkali-ftee a£oB-(dMs. 
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Even more important was the discovery that the mutarotation 
of a sugar in pyridine can be arrested for two or three hours by 
moderate purification and drying (23), since the legend that 
pyridine was a catalytically-active solvent like water had been 
widely circulated and generally accepted. The complete arrest 
during a period of two or three hours of the mutarotation of 
tetramethyl^ucose in dry pyridine is shown in figure 2 b, which 



a b 

Fio, 3 

a. Mutarotation of glucose in pyridine and water. 

b. Mutarotation of tetramethylglucose (i) in pyridine and water o» (ii) in 
pyridine and cr^l #. 

also illustrates the failure to produce a aimilar arrest in the muta- 
rotation of ^ucose, 'the purification of which to the point of 
jdeldii;^ metastable solutions, in any of the limited range of 
scdvents in which it will dissolve, is a task of much greater dif- 
fieully than in the case of the methylated sugars. 

A final stage in tius development of the theory of mutarotation 
was r^uihed when it was ^own that crasoZ, like pyridine, is not 
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an active catalyst when used alone, but that a mixture of cresol 
and pyridine, in virtue of its strongly developed amphoteric 
properties, is a far better catalyst than pure water (24). This is 
shown in figure 3 where curves are &ven showing the velocity of 
mutarotation of tetramethyl^ucose in mixtures of pyridine with 
cresol and with water, as well as for the mutarotation of glucose 
in aqueous pyridine. 

11. Furih&r experiments on the arrest of mviarotaiion 

Eecent e3q)eriments of the author, carried out with the collab- 
oration of Mr. G. Owen, have been devoted to finding conditions 
under which these arrests of mutarotation, which were at first 
observed only accidentally, may be produced at will. This was 
done mamly with a view to determining the influence of small 
quantities of various catalysts on sgluHon which loere sufficiency 
pure to inhibit Cte occurrence of iewneric. change, ance under no 
other conditions would it be possible to guard against secondary 
effects produced by interaction of the added catalyst with un- 
known catalysts already present in the solution. The principal 
results of these experiments were as follows: 

a. Purification of polarimeter tubes. The ordinary methods of 
cleaning a polarimeter tube, e.g., by wadbing with absolute alcohol 
and witii water, sofddng with chromic acid, and then washing 
repeatedly with water, leave it in a highly active condition, which 
©ves rise to rapid mutarotation when a “clean” solution of tetrar 
acetyl glucose in ethyl acetate is introduced. The best method 
of purifying the tube is to add fresh quantiti^ of the same “dean” 
solution, without any intermediate wadung, when slower and 
dower mutarotations are produced. These remarks apply only 
to silica polarimeter tubes which are clean enou^ to give quite 
low velocities of mutarotationj they do not necrasarily apply to 
giass tub^, where the alkaline silicates may perha,ps act like the 
alkaline phosphates or borates of a buffer solution to produce 
a steady concentration of alkali, and may thus ^ve ri^ to more 
uniform velocities than those which are observed wl^ using 
dliea tubes. 
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&. Arrest of mutarotation in silica flasks. Whilst silica polar- 
imeter tubes can never be relied upon to ^ve an arrest of mutaro- 
taiion, much more confidence can be placed in the behaviour of 
sUica flasks whidh hone hem ignited and allowed to cool in a desiccator 
containing ^phosphoric oxide. By making use of this discovery it 
was possible to build up a technique for studying the bdiaviour 
of solutions exhibiting arrested mutarotation. . This technique 
depends on making up a solution in the silica flask, and transfer- 
ring samples to a polarimeter tube (1) immediately, and (2) at the 
end of twelve or twenty-four hours. The solutions in the tube 
usu£^y exhibit a more or less rapid mutarotation; but when, as 
sometimes happens, the initial readings of the two samples are 
identical, it is clear that the solution in the fla^ is not xmdergoing 
isomeric change. It is then possible to add to the solution in the 
flask a trace of a catalyst, and thus to test the effect of the addition 
of the catal 3 rst to the uncmtaminaied solution by taking out another 
sample at the end of a further i)eriod of twdve or twenty-four 
hours. In view of the remarkable effects which are produced by 
mixing together compounds of different types which possess 
catalytic properties, this condition appears to be essential if 
trustworthy conclutions are to be drawn from the experiments. 

c. Influence of water. A noteworthy feature of these observa- 
tions was the impotence of water as a catalyst when used in pres- 
ence of a large exc^ of ethyl acetate. Thus, in one ease, in which 
a complete arrest of mutmrotation had been revealed by the ex- 
ammation <ff two samples taken from a tilica at an interval of 

fourte^ hours, the addition of a drop of water to the second 
sample in the tube (giving a watm*-concentration of 0.3 per cent) 
produced a mutarotation with a half-change period of about 
reventy days, as compared witii seventy-five days for the original 
dry sample. The inability of water to promote mutarotation, 
when added to a hygroscopic medium which possesses no inherent 
eatitlsrtic properties, was in agreement both witii our own theo- 
retical views and with recent observations on the mutarotation 
of tknunetiiyl-ghieose in aqueous acetone (25) which showed 
tiiat mutitrotation was almost completely inhibited in solutions 
(Kmtaining le^ than 6 pir cerd of water. It is indeed obvious 
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iihat, in e^eriments of this kind, it is far more important to make 
use of clean apparatus than of perfectly dry solutions, and that 
the oh^'ect to be att^ed is not so much “Bakerian dryness” as 
“Bakman cleanness.” 

d. Influence of dikcte adds and cAhaMs. In complete contrast 
to the impotence of pure water was the effect produced by the 
addition of a drop of decinormal hydrochloric acid to a solution, 
which was showicg an ahq.ost complete arrest of mutarotation 
in the polarimeter tube. In this case, a hdf-change period, which 
had gradually increased to one hundred and twdve days, fell to 
six hours on the addition of 0.3 per cent of water containing 0.3 
per cent of HCl. A jSnal add-concentration of only 0.001 per 
cent had therefore increased the velodty of chan^ about 500- 
fold, althou^ pme water in a duplicate e:q)eriment appeared to 
retard ratiier than to accderate the action. In a precisely flimilar 
way the addition of a sin^e drop of normal sodium hydroxide to 
a polarimeter-tube, contmning a solution which was ^ving a half- 
change period of about one hundred days, agm showed a 500- 
fold acceleration, the half-chai^e period falling to about five 
hours. It is noteworthy tiiat tiiis addition of alkali ^'fouled” 
the polarimeter tube to such an extent that, when a further 
sample of the clean solution from the flask (which was still show- 
ing a half-change period of about dxty-four days) was poured into 
the tube, it exhibited an almost identical velocity of mutarotation, 
with a half-change period of about six hours. 

D. CONCLUBIONB 

IS. “Tautomeric'’ changes not spontaneous 

Laar put forward his theory of ''tautomerism,” he 
^ppc^ed that the migration of a l^drogen atom was a form of 
perpetual motion, like the movement of a planet, and that the 
formulae which assigned c^i^ fixed positions to the hydrogen 
atom mi^t be ccunpared witii a record of the phases of the moon. 
This view became untenable, and the theory of tautomerism' 
(but not the name) was generally abandoned, when in <me case 
after anoti^ isomeric hydtidi^ were separated as definite en- 
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titles from the equiKbrium-inixtur^ which are formed in the 
Equid state or in solution. Nevertheless, the assumption, first 
made by Butlerow, that prototropic change is ^ontaneous has 
perasted even to the present time, ance the view has been widely 
expressed that ‘'tautomerism” is an intramolecular change, in 
wMch the solvent does not intervene (26). 

It cannot be stated too clearly, however, that this primitive 
view, althou^ quite plausible when first advanced by Butlerow 
in 1877, has been experimentally untenable since 1899, when an 
arrest of prototropic change was first recorded. The fact that 
these changes are not ^ontaneous, but depend on a definite 
mechanism, in which the molecules or ions of the noedium (as well 
as the molecules or ions of the prototropic compound) play an 
e^ntial part, has been confinned by many subsequent examples 
of the arrest of isomeric change under “aseptic” conditions. It 
noay indeed now be accepted as a general proposition that, since 
prototropic change can be arrested by careful purification, just 
as other chemical changes can be stopped by intensive drying, a 
definite mechanism is needed m each case, and that unless this is 
provided the isomerism will remain static instead of becoming 
dynamic. 


IS. The mechanism of jfotoiropic change 

The simple basis for such a mechanism is to suppose that the 
migration of a hydrogen atom in a prototropic compound is an 
ionic process, and therefore depends on making use of a medium 
which possess^ a dielectric constant of sufficiait ma^tude to 
enable it to act as an ionising solverU. According to this view, 
juototropie change should be postible in any solvent in which an 
anhydrous add develops an appreciable electrolytic conductivity. 
This suppodtion, althou^ it accounts for the special readiness 
with which mutarotation takes place in aqueous solutions, was 
disproved when it was found that mutarotation could be arrested 
not only in chloroform and in benzene, but also in ether, ethyl 
acetate, acetone and pyridine. A more plausible mq>lanation of the 
efficiency of water in promotii^ the mutarotation of the sugars 
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was then found in its behaviour as an amphoteric sobent. This 
e^lanaiion had the advantage of assigning a normal rdle to acid 
and basic catalysts, since their efiSciency could then be attributed 
to their characteristic behaviour as proton-donors and as 
proton-acceptors respectively. The conclusion that prototropic 
change depends on the transfer of a proton to the medium, and the 
recovery of a proton /rom the medium, was, however, finally vin- 
dicated, when it was shown lhat cresol and pyridine were impo- 
tent to promote the isomeric ch^ge of tetramethyl ^ueose, but 
that a mixture of the weak acid and base possessed a remarkably 
hi^ catalytic activity. 

14. Outstanding anomalies 

The mechanism su^ested above accoimts for almost the whole 
range of observed facts, and there is therefore all the more interest 
in recording two anomalies which still remain unexplained. The 
first of these has reference to the fact that solutio'ns of tetra- 
acetylglucose in ethyl acetate, in which mutarotation had been 
arrested by working imder clean conditions, gave inflected mu- 
tarotation curves when a change of rotatory power was finally 
initiated by the addition of a drop of dilute acid or alkali. Curves 
of this type are often observed in solutions which undergo a 
progr^sive change as the result of a gradual absorption of im- 
purities from the containing vessels, or the like; but it is altogether 
exertional for this effect to occur when the solvent is already a 
complete catalyst. It is possible that, undm: the rather excep- 
tional conditions of these ereriments, successive stipes of the 
process were disclosed, which are usually concealed beneath the 
apparently unimolecular character of the mutarotation curves. 

A second anomaly m foxmd in the fact, first revealed by Hu(^n, 
but fully confirmed by the sub^quent work of Kuhn and' of 
Euler, that mutarotation at the isoelectric point proceeds much 
faster than can be accounted for by aUowing for the concenira- 
tions of hydrogen and hydro:^! ions in the solution. The ratio 
(about 10 to 1) between the observed and calculated velocities is 
far too great to be accounted for by any minor error, and could not 
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possibly be eoixected by any minor alteration such as the sub- 
stitution of “activity” for “concentration.” Allowance can be 
made for it, however, by introducii^ a term representing the 
concentration of neutral water molecules in the solution. In 
view of the fact that ether, which resembles neutral water in its 
oxonium reactions, etc., is not a catalytic solvent, it is difficult to 
see what r61e these neutral molecules can play in promoting muta- 
rotation except by giving rise to hydrogen and hydroxyl ions. ' A 
complete solution of this problem may, however, be looked for 
in the development, on lines that have already been indicated 
(27) of an dectrolytic theory of catalysis, based upon Arm- 
strong’s theory of chemical change. 
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THERMAL EQUILIBRIUM OF ELECTRONS IN METALS: 

CONTACT POTENTIALS AND THERMOELEC- 
TRIC FORCE 

WORTH H. RODEBUSH 

Laboratory of Physical Chemistry, University of Illinois 

The electrical bdiavior of metals is fundamental in any theory 
of electricity and until recently it has been a subject of much 
mystery and dispute. Thus the location of the e.m.f. in the 
galvanic cell has been a matter of controversy since the time of 
Volta and Faraday. Likewise in regard to the so-called “con- 
tact potentials/' there were not only differences of opinion as to 
the interpretation but not even general agreement as to the 
^perimental evidence. Recent experimental work of Millikan 
(1) and others (2) on the photoelectric effect and the brilliant 
theoretical papers of Schottky (3) and others (4) on the subject 
of electron emission have thrown mucdi light on the problem. 
While we still know le^ about the structure of metals than 
about any other solid form of matter we can at least setUe some 
of the mooted qu^tions of the past and formulate the problem 
in the case of others. 

THE PHOTOEIiECTBIC EFFECT AND THE THERMIOiNIC WORE. FUNCTIOR' 

The dectrical behavior of metals becomes more intelligible 
if we first get clearly in mind the experimental facis of the photo- 
electric effect. When light is allowed to impinge on the clean 
surface of a metal in a vacmnu there is a limiting frequency 
vt below which electrons are not emitted by the metal even in 
the presence of an accel^ating field. li^t of higher frequency 
V ejects electrons with a kinetic energy = hv — hv,. In 
accord with the Emstein law the work of removing an electron 
from the metal is seen to be hp,. the limiting frequency vari^ 
widely for different metals and is evidently one of the most funda- 
mental characteristic properties of a metal. 

265 
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Electrons may be emitted by a metal mthotit the action of 
li^t. If the metal be heated to temperatures sufficiently high, 
dectrons acquire kinetic energy in excess of the quantity hvo and 
escape. This process is analogous to the evaporation of atoms. 
It is beyond the scope of this paper to discuss the phenomena of 
the vaporization of dectrons e^ecialiy as the subject has been 
treated at great leugth by Eichardson (5), Schott^ (3), Bush- 
man (6) and others (7). By making certain assumptions the 
vapor preMure of electrons from a hot metal may be treated by 
the laura of thermodynamic and the heat of vaporization may be 
calculated by familiar formulae. The value obtained in this way 
appears to in good agreanent with hv, as determined by photo- 
electric measurements (8). This heat of vaporization is usually 
expressed in volts and detignated as tiie “thermionic work 
function.” 

Schottky has analyzed the work of removal of an electron from 
a metal as being due to yarious effects such as the removal of the 
dectron from tiie “structure” of the metal, the overcoming of 
fields due to a polarization layer at the surface and electrical 
image attraction after the electron is through the surface. While 
it is not po^ble to measure these effects separately we nmy sus- 
pect that variation in ^ for different metals is larg^y due to the 
variation in the first effect. 

According to tiie cmrent theory of atomic structure the 
peculiar properti^' of a metal are due largely' to the so-called 
free or conducting electrons which are presumably identical with 
the valence electrons. These electrons move in orbits which 
lie for the most part on the outside of the atom or if they do not 
move in orbits they occupy the outermost energy levels in the 
periphery of the atom. When the atom is in tiie metallic lattice 
these electrons pass from one atom to another without appreciable 
energy change. 'When tiie atom is isolated, as in the vapor state, 
the work of removing an electron to an infinite (practically a very 
short) distance brom an atom can be measured by the determin- 
ing the ionizing potential. Obviously in the theory of electricity 
in metals, the ionizing potential (22) of the atom is a still more 
fundamental quantity than the thermionic work function. 
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Presumably if we knew the configuration of the atom we could 
calculate the ionizing potential from Coulomb’s law and ample 
mechanics. At any rate we may assume that the ionization 
potential varies directly as the effective nuclear charge on the 
atom and inversely as some power of the effective radius. Our 
knowledge of atomic structure confirms this generalization. 

Of course when the atoms are packed into a lattice this work 
of removal of the electrons will be considerably changed in 
magnitude. Our knowledge of the mechanics of the lattice 
structure is not suflScient to make any predictions here although 
Bom (9) has made progress dong this line. It seems clear 
however, that with a better knowledge of atomic structure and 
the dynamics of crystal lattices we should be able to calculate 
the thermionic work function for any metal. In the accompany- 
ing table are given in volts the ionizing potential, photoelectric 
^‘work function” hv^t and the standard electrode potential 
against hydrogmi for the three metals for which satisfactory 
figures for all three quantities appear to be obtainable. 



IQHZSmO 

POTXNZIAI* 

IkpQ 


Na 

6.13 

1.7 

2.71 

Id 

6.36 

2.36 

2.06 

Hg. 

10,2 

4.62 

-0.80 


The emrrespondence of the values given is apparent. It is evi- 
dent that the “affinity” of the atom for the “free” electron k 
fundamental in determining the electrical properti^ of the metaL 
A relative measure of this property is ^ven by various quanti- 
ti(% such as ihe ioniting potentM of the vapor, the limiting 
frequency of the photoelectric ^ect or the thermionic wprk 
function. If the metals be arranged in a series according to 
values of any of these quantities an order will be obtained 
will be approximately that of the familiar electromotive (ff 
the electrochmnist. 

How if the conducting electrons lie on different enei^ levels 
in different met^ it is clear that when two metals are Wou^t 
in contact, the eiectirons will tend to pa^ from o^ metal to 
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the other the motion being in every case from the metal with the 
smaller value of hvo to the one with the larger value, aiid this 
process will continue until equilibrium is establi^ed. At low 
temperatures where the electrons do not have appreciable kinetic 
energy (10) the result is easily stated. It is a fundamental law 
of electrostatics that a system of electrical charges tends to take 
on a configuration of minimuTn potential energy. Electrons will 
pass from one metal to the other until the negative potential 
acquired by the metal having the higher value of vo balances 
the difference in the energy levels of the electrons in the two 
metals. 

One very peculiar point needs to be noticed here. The transfer 
of electrons is entirely on the surface of the two metals. No 
transfer takes place within the body of the metal and it is im- 
possible to produce or maintain a volume charge within a metal. 
For electrons free to move but without kinetic energy it can be 
demonstrated from Coulomb^s law that the net charge on any 
volume in the body of a conductor will not differ appreciably from 
zero if the volume is taken large enough to contain a consider- 
able number of atoms. Even if the electrons possess kinetic 
energy it has been shown by Lorentz (11) that the concentration 
of electrons in the interior of a metal remains constant and equal 
to the number of positive charges in the same area. It is only 
within a distance from the surface of the metal comparable to the 
atomic diameters that appreciable changes in electron concen- 
tration can be produced even by the application of the highest 
potentials available. 

THE THERMAL EQUILIBRIUM OE ELECTRONS BETWEEN METALS 

So long as the electrons do not possess an appreciable kinetic 
energy the ordinary laws of electrostatics would suBBice to calcu- 
late the conditions for equilibrium between metals, provided of 
course that we were sufficiently well acquainted with the struc- 
ture of the metals. At higher temperatures where the electrons 
be^ to share in the kinetic energy of the metal the laws of 
electrostatics are no longer sufficient to determine equilibrium 
but we must make use of liiermodynamics. Equilibrium will 
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be established between, the electrons of two metals a and h when 
the escaping tendency of the electrons is the same from each 
metal (12). The escaping tendency of any constituent from a 
phase is measured by the partial molal free energy of the con- 
stituent in that phase. The partial molal free enwgy of the 


electrons in a metal is the ratio z— where bF is the increase in the 

on 


total free energy of the metal on the addition of bn equivalents of 
electrons. Other factors as temperature are constant. Equilib- 
rium between the two metals a and b tiien may be attained 
either by direct contact or ihrou^ the vaporization and condensar 
tion of electrons and the condition for equilibrium is 


bFa ^ 
bn dn 


a) 


So far, the condition for equilibrium appears the same as for the 
distribution of a solute between two immiscible solvents but 
certain important differences need to bp contidered. The ex- 
perimental measurement of tbe partial molal free energy of a 
constituent of a solution involves the change of concentration ot 
that constituent and we do not know of any way to change the 
electron concentration inside a metal, as was pointed out above. 
This does not invalidate the thermodynamic formula however. 
A more serious complication arises because of the charge carried 
by the electron. When we transfer electrons from one metal to 
another we leave a positive charge behind and carry tibe negative 
charge against the electrostatic attraction and do work so long 
as we increase the separation. Ihis action at a distance makes tire 
case quite different from the separation of a neutral molecule of 
a solute from a solution when the forces cease to act as soon as 
the molecule is separated from the surface of the solution by a 
distance of the order of the molecular diameter. . In order to 
take account of the charge of the electron it is nectary to follow 
the method of Gibte (13) and Sehottlq^ (3) and separate the par- 
tial moM free energy into two terms 

^ - F - NeV m 

bn 
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F is what Gibbs has called the intrinsic free energy corresponding 
to the free energy of a neutral molecule and F is the electrostatic 
potentiaL N is Avogadro’s number, e the charge on the electron, 
while the minus sign takes care of the negative charge. This 
separation of the free energy into terms involving forces that 
act at molecular distances and forces acting at greater distances 
seems from one point of view quite arbitrary and meanin^ess, 
but it is justified by several considerations. V, the electrostatic 
. potential, is tire same for positive chaises as for negative and so 
long as the distribution of charges does not dxange it is inde- 
pendent of temperature. F on the other hand depends upon the 
potential and kinetic ener^es of the electron in the lattice, is a 
function of the temperature, and the value for the electron is 
radic^y different from the value for a positive ion. Finally in 
some cases at least the value of V can be measured experimentally. 
The equation (1) for equilibrium of electrons betweoi two metals 
at the same temperature then becomes 

F. - NeV, = Ft -i- NeVt (3) 

The metal with the larger value of the thermionic work function 
may be expected to have the lesser value of F, lesser being used 
in the al^braic sense. 


THE VOI/DA DIFFESBEKCE OF POTENTIAL 


The fact that electrons will pass from one metal to another on 
contact was observed by Volta near the beginning of the last 
centtiry. The phenomenon was studied in detail by Lord Kel- 
vin (14). In his method the two metals were made the plates of 
a condenser and an em.f . applied between of such magnitude and 
direction that no charge appears upon the condenser. By trans- 
forming e<Jhations (3) we have 


Vt-Va 


Ft - Pa 
Ne 


(4) 


It is obvious that tire e.mi. applied in the Kdvin experiment 
must be equal to Fj— Fa in equation (4) and hence the latter term 
is the Volta difference of potential. FHirtheimore any tendency 
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to transfer dectrons is from the surface of one metal to the sur- 
face of the other; heace the values of Ft involved are the 
values for the metallic surfaces. 

In the discussion of the photoelectric effect we assumed the 
esdstence of clean metallic surface but it is not certain that it is 
po^ble to obtain such a surface esperimentally. Tynililran In 
his work on the photoelectric effect of the alkali TnafAla, shaved 
the surface of the metal ia a h^h vacuum, but in the M^est 
vacuum obtainable the surface of the metal would in all prob- 
ability be quickly covered with a layer of gas molecules. Prob- 
ably the cleanest surface lhat has been obtained is that of flowing 
mercury (16). It has already been emphasized that metals 
acquire charg^only upon the surface and that in equation (4) 
the values of Fa and Fi are for the electrons in the surfaces. 
Impurities adsorbed on the surface of a metal affect profoundly 
the values obtained experimentally for va and the Volta effect 
by the Kelvin method. Moreover, even Jf clean surfaces are 
obtained it is not likely that the value of F for electrons in the 
surface is the same as for the interior of the metal. Hence the 
Volta effect as measured by the Kelvin method » a superficial 
property of a metal and often without significance. It ^ould 
be emphasized that the Volta effect m a different of potential 
and not an e.mi. The ejn.f. m applied by tiie mq)eaimenter. 
The case is analogous to the definition of osmotic preEBure, where 
the pre^nire is one that is imaged to be applied rather than one 
tiiat actually exists. 


CONTACT TOTENTIAL8 

If two metfds are placed in contact without any ejn.f. applied 
between them, the electrons flow from one to the other in flhe 
direction of decreasing free energy until equilibrium is estat^isbed 
according to equation (4), the difference in electrostatic poiential 
beiog equal and opp<mte to the difference in intrimc fie&cner- 
ipes. Between the surfaces of the metals which are mol m con- 
tact there will exist a field due to the {Potential diff^er^ Vs — 
Vo where Vs — V, is numerically equal to the Vc^ effect. 
ThB fiitid it EhouM be noted is external to the metals. 
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The difference of potential between the interior of one metal 
and the interior of another is given by equation (4) provided 
Fa, and Fi are the values for the interior of the metals. Schpttky 
has called this the “galvanic contact potential” and this is the 
true contact difference of potential encountered by a current 
flowing across the junction. It was the opinion of Volta that 
the em.f. of a galvanic cell was due to this difference of potential 
and resided at the junction and this opinion has persisted to tiie 
present (16). It must be obvious on consideration however that 
this difference of potential is exactly cancelled by the difference 



F ~ NeV 



a 



1 


in intrinsic free energi^. Th^ is no metiiod known for measur- 
ing this true contact potential although we shall probably be 
able to calculate its value when we know more about the structure 
of metals. 

.The persistence of the idea that the ejn.f. of the galvanic cell 
is located at the metallic junction is probably due to the fact that 
the values of the Volta effect for pairs of metals seem to corre- 
spond in some cases at least to the differences ia the standard 
dectrode potentials of these metals. While there can be no 
direct relation between the “siperficial” Volta effect and the 



' XHSBMAIi BQtnUBBTOM OF BLBiCTBONS IN METATaS 263 


electrode potentials it wotild not be surprising if some paraUelism 
were foimd since both depend upon the fundamental electrical 
properties of the metal. 

Ih figure 1 are represented diagrammaticaliy i^e coxirse of the 
values of F, — NeV, and the “total” free energy, F —NeV, for the 
electrons of two metals a and 6 which are in thermal and electrical 
equilibrimn. The value of Ft, is less than Fa and the values of 
Fb and Fa are assumed to rise near the surface of the metals. 
The value of the total free energy is the same throughout the 
conducting regions of both metals as is required for eqpilibrium 
of "free” electrons. Hence there can be no e.m.f. at the junction 
of two metals so long as the metals are at uniform temp^ature 
throu^out. 

SINOUE ELBCTBOnn FOXEimAIS 

If a piece of metal is brought into contact and equilibrium with 
a solution containing its ions the chemical reaction may be written 

M ^ M'^ + electron 


For equilibrium we have 


Fu = + NeVta + - FfeVu .(5) 


Fft is the molal free energy of the metal and Pv* and are 
de&ed for the ions in solution in the same way ihat F, and V 
were defined for the electrons in the metal Trfmsforming this 
equation 


V,0l - F* = 


Fu - Fjt*- — Ft 
Ne 


( 6 ) 


It has been commonly assumed that the free energy term on the 
ri^t of equation (6) is of profound significance and many attonpts 
have been made to measure 0®^ careful consid«ation 

the importance of this measurement is not so clear, siQiposang it 
could be made with accuracy. The process actually ^ tib.e re- 
moval of an atom from the lattice, , the transfer an electron 
from the ion to the surface the metal and the solvation of the 
ion resulting. This does not appear to be the equivalent 
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of one half the reaction in a cell where the electrons are transferred 
from one metal to the other instead of accumulating on the 
surface. 

Granting that this somewhat complicated process is interesting 
it is certain that the accurate measurement of V,a—V]u presents 
enormous difficulties. We cannot measure the Volta difference 
of potential between two metals with certainty and the measure- 
ment must become still more difficult between a metal and a 
solution. In the former ease only neutral molecules are adsorbed 
on the surface but in the latter ions may be adsorbed. Thus the 
hydrogen ion concmxtration may have a profound effect on the 
value of y,d—Vu’ At any rate we have a quantity here which 
will probably be calculated eventually more accurately than it 
can be measured. 


THE TEfflCPEEATtTRE COBmCIENT OF CONTACT POTENTLAL 

If we differentiate equation (4) with respect to temperature w® 
obtain by well known relations of thermodynamics 

1 /bit bF.\ 1 

Here — ■ ■ the temperature coefficient of the difference of 

electrostatic potential between the interior of two metals is seen 
to depend upon the respective partial molal entropies of the 
electrons in the interior of the metals. 

THE THBEE WATS OF DEFINING THE HEAT CAPACITY OF THE 

ELECTBON 

If we differentiate equation (7) a second time with respect to 

5^S C 

the temperature and introduce the relation gy = we obtain 

b!P*“2V«rV&« bn J ® 

C 

Here is the partial molal heat capacity of electrons in the 
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metal, a quantity which cannot be measured experimentally 
because we cannot change the concentration of electrons in a 
metal except on the surface and there the change is too small 
to affect the heat capacity measurably. 

Certain of the metals show values for the atomic heat capacity 
conaderably above that predicted by the Debye equation. This 
is e^eciaUy true of the metals with Rmall ionizing potentials, 
such as potassium at ordinary temperatures and of many of the 
metals at hi^er temperatures. G. N. Lewis (17) has attributed 
riiis abnormally high heat capacity to the pr^ence of electrons 
in an unusually free condition so that they diare in the equiparti- 
tion of energy. We may designate this excess heat capacity over 
the normal value as Ge, the “apparent heat capacity of the elec- 
trons in the metal." 

Pmally there is the Thomson effect. H a current flows along 
a wire in a thermal gradient, in addition to the joule heating there 
is a small heat effect that is proportional to the quantity of elec- 
tricity which flows, and to the temperature charge. If the 
current is reversed the heat effect is reversed. This is called 
the Thomson effect v and may be deflhed as the heat absorbed 
per equivalent per degree rise in temperature wh^ the electiron 
current flows from a lower to higher temperature.^ 

Before we can discuss the postible relations of th^ heat 
capacities defined in differmit ways it is desirable to discuss tiie 
application of thermodynamics to tixe tiiermoeouple. 

1!HE XHEBHOCOTTPIE AS A CASNOT CTClJi 

If we ne^ect the irreversible flow of heat which always takes 
place in a themM gradient because of the conductivity of matter, 
we may treat a thermocouple whose jimctions are at different 
temperatures as a Carnot cycle. -Whether we are justified in 
this procedure, in other words, whether the laws of thermodyoam- 
ic» apply strictly to tiiermoeouple or not, k a qu^nm which 
has never b^n settle althoi^ most writers on the subject have 
inclined to the aflBrmative. The matter cannot be seitied by 

^ The Thomson haa uaualiy been defined for a positive 
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an experimental check because the heat quantities involved are 
too gTnn.11 to measure with accuracy. It may be pointed out that 
no Camot cycle can be carried out without some irreversible flow 
of heat for we have no perfect insulators. In the ordinary Camot 
cycle, however, the thermal gradient may be assumed to be 
external to tiie mechanism while in the thermocouple the elec- 
trons move throu^ the thermal gradient. For ptirposes of 
discussion in the remaiader of this paper we shall assume that 
the thermocouple may be treated as a Camot cycle. 

Let us consider a circuit of two metals a and & in a temperature 
gradient with one. junction at the temperature T and the other 
junction at the temperature T+dT. Assuming the electrons to 
flow from a to 6 at the warmer junction then the net electromotive 
force of the circuit dE in the direction of the electron current is 
given by the First Law as 

Ne dE => qt — qx + (<r« — n)dT (9) 

Here qt and qi are the heats absorbed at the warmer and colder 
junctions respectively when one equivalent of electrons flows from 
a to b and o-a, a are the Thomson effects. By the Second Law: 

mdE’~^ ( 10 ) 

T beic^ the temperature (ff the warmer junction. The Thomson 
effects do not appear in the above equation since they would be 
(rf second order. Differentiating (10) -with respect to T and 
ccsnbining with (9) we have 

( 11 ) 

We shall use this equation in the next section. 

It is important to note that in equation (10) there is no in- 
formation as to the numerical value of an e.m.f ., E, which many 
writers have assumed to exist at the junction. Here q is the 
revertible heat and it is well known that in the analogous case 
a diemicfd reaction the re'versible heat of a reaction bears no 
ration, to the free energy. Nevertheless the list of •writers who 



THERMAL EQXmJBBIUM OF ELECTRONS IN METALS 267 

have sou^t to set q equal to E contains some of ttie distinguished 
names of science. Furthermore it should be noted that the exist- 
ence of a reversible Thomson effect does not imply the existence 
of an e.m.f. along the gradient. The laws of thermodynamics 
give only the total e.m.f . of the circuit without giving us any specific 
information as to the way this e.m.f . is distributed. 

One inference however, may be drawn as to the relation be- 
tween the Peltier heat, q, and the e.m.f . at the junction. If we 
were to tabulate the reversible heats for a number of chemical 
reactions, while there would be no correlation we should expect 
that the revertible heats would be on the average of the same order 
of magnitude as the free energies. It has been a source of con- 
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cem to many writers that the valu^ of g, as calculated from meas- 
urements of thermoelectric force, were so small compared with 
the Yolta difference of potential. This ceases to be a matter of 
concern when we recognize that the Volta effect has no relation 
to the emi. at the junction of two metals. 


A POSSIBLE CORRELATION OP THE THERMOELECTRIC POWER WITH 
THE “true” contact DIFFEEBNCE OP POTENTIAL 

Let US condder two blocks each of metals a and designated 
as a, of and h, V] a and & are at the temperature T and a' and V 
at the temperature T + dT. Suppose each of the four pieces of 
metal to be dectrically neutral and at the same electrostatic 
potential Y. The values of the intrinsic free energ^^ will be 
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Fa,FiandW “ Nowsupposeo, 

a' and 6, &' to be joined by thin wires of the respective metals 
a and 6. These wires will be in the tanperatnre gradient. Let us 
Bfisimrtft that no transfer of electrons takes place along the wires. 
The plausibility of this assumption we will discuss later. If there 
be no tendency for electrons to move along the temperature 
gradient then we may suppose that no work will be required to 
move dectrons along the wires. Let ima^e a transfer of N 
dectrons to take place around the circuit a a' V b. If the 
electrostatic potential is the same throu^out the only work 
involved will be in the transfer of the electrons across the gaps 
a' V and ba. The net work is seen to be 


Neds 



( 12 ) 


If we differentiate this equation with respect to T and combine 
with (8) and (11) we have 


dn bn 


( 18 ) 


From this equation we inay inf^ that> 


be,. 

dn 


a4) 


Latimd (19) in an interesting paper has attempted to correlate 
the values of Ge the apparent heat capadty of the dectrons with 
«r but the experimental data he considers do not give a very 
satidactory corrdation. His conclusion would also imply that 
5C 

(?e is equal to if equation (14) is true. If we consider the case 

a solution as an analogy the partial molal heat and the apparent 
molal heat only have the same vdues in general in case the 
»>lution is thermodynamically “perfect.” 

* S<^ttk 7 (3) lias demonstrated equation (14) by a different process of rea- 
soning but nudring similar assumptions to those made here. It may be noted 

tiiai the anther (18) had previously called attention to the possibility that 

®i» 

and 9 wme identical. 
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None of the above conclusions are true of course unless our 
assumption that no variation of electrostatic potential exists 
along a wire in a temperature gradient is correct.* This assump- 
tion appears very improbable. We can prove nothing from 
thermodynamics since the relations of the free energies are with- 
out significance unless the system is at constant temperature and 
recent work on the Soret effect (21) throws no li^t on the laws 
^ equilftrium in thermal gradients. No doubt the values of 
Fa and FJ in the interior of the metal will be the same after a 
and a' are connected as before because the electron concentration 
will be the same but the movement of electrons along the wire 
will produce charges on a and a' which will alter the potentials 
and Va' and similarly for and Vt. Assuming that equilib- 
rium has been reached along the thermal gradients so that no 
e.m.f. need be considered except between metals as before we 
should have for the work of transfer of electrons around the circuit 


NedE 


Ar “ dr 


Ne ^ - Ne 
bT 


bTj 


dT 


( 16 ) 


dFj bVa 

If ^ is different from zero equation (12) does not hold. 


Fiirthermore it shoidd be empha^ed tiiat no conclusions may 
be drawn as to the location of the e.m.f.'s in the thermocouple 
because of our lack of knowledge of the conditions for equilibrium 
along a gradient. The second law if it appli^ at all us 
information only as to the net e.mi. of the whole circuit. 

One more point needs to be emphasized. It has been com- 
monly stated the thermoelectric power is the temperature 
coefficient of the contact difference of potential. If equation 
(12) is true then the thermoelectiic power is the temperature co- 
efficient of the “true” contact difference of potential which 
cannot be measured esperimentally. If equation (12) is not 
true then there is no relation apparent between thermoelectric 
power and the contact potent. 


> Compton (20) attempted to determine the relative charge at two ends of a 
wire in a thexmid gradient and got a very large efirat. It is likely that the adsorp- 
tion of gas on the sai£^ of the metal afiected the results here as in most measure- 
ments of this kind. . . 
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THE ACTIVITY COEFFICIENT OF GASES EST AQUEOUS 
SALT SOLUTIONS 

MERLE RANDALL akd ORAWEORD FAIRBANKS FAILEY 
Chemical Laboratory, University of California, Berkeley, California 

GENERAL INTRODXJCJTION 

In this and the following papers, we shall review the data for 
the effect of electrolytes upon the thertnodynamic properties of 
aqueous solutions of non-electrolytes and the undissociated portion 
of weak electrolytes. It will be shown that the undissociated 
part of a inod«:ately strong electrol3d» behaves in just the same 
way as do t3q>ical non-polar substances. 

In the development of the theory of strong electrolytes, we have 
used the term “activity coefficient” to express the number by 
which the molality of a substance must be multiplied to give the 
measured activity or thermodynamic behavior of that substance. 
The deviation of the activity coefficient from unity measures the 
deviation of the bdiavior of tixe substance from the laws of the 
p^eet solution. Because the deviations of the ions, into which 
the strong electrol3des were assumed to be dissociated, were large, 
this field has received a large amoirnt of detailed study. 

Even for aqueous solutions of single non-electrolytes the ex- 
perimental determinations of the activity coefficients are meager 
and not aJwasrs concordant. Lewis and Randall ( 1 ) reviewed 
some of the older freezing point and vapor pressure data, and 
came to the conclusion that the divergence functions* h and j 
were of such a nature that h/m orj/m asstimed a constant value 
in dilute solutions. Previously it had been assumed that moder- 
ately concentrated aqueous solutions of most non-electrolytes 

^ B -.Inai 55.51 Inai . -aj 

I j 5= 1 — - — ; A =5 1 -i — ^ — = 1 + where 0 « freezing point de- 

Xm r m 

pression; m « molality; X =* 1,858; ui * activity of water, and r *» 
mol fraction solute/mol fraction water, 
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obey Henry’s Law, but Lewis and Randall calculated the activity 
coefficients, y = (h/m, of several substances, and found in aqueous 
solutions of glycerine as dilute as 0.1 M, 7 = 1.006, and in 5 M 
solutions, 7 = 1.348. 

Various authors have considered the effect of electrolytes in 
lowering the solubilities of non-electrolytes, and particularly the 
solubilities of gases, in water. 

Setschenow (2) proposed the enapirical formula S — 8°eJ^, 
which is equivalent to kc = In {S°/S), where A: is a constant for 
a given salt, c is the salt concentration in mols per liter, S° is the 
solubility of ^ in pure water under standard conditions, and S 
is the solubility in the salt solutions. 

Jahn from '&e measurements of Gordon (3) gave the formula, 
(S° — S)/c* = k, which is also empirical. Rothmund (4) gives a 
simplification of Setschenow’s equation, namely (S° — S)/S° = kc; 
Euler (5) and Geffcken (6) relate the “salting out” to an increase 
of the internal pressure of the solution caused by electrol3rtes. 
Hildebrand (7) shows that as the compressibilities of aqueous 
solutions increase the “salting out” diminitiies. 

Finally, Debye and McAulay (8) have contidered the activity 
coefficients of non-electrolytes in the presence of electrolytes. 
ThQT showed that the deviations of Oj/Ns from unity, due to 
the effect of the ncm-electrolyte in lowerii^ the dielectric con- 
stant of water, are givein as a first approxhnation by the equation: 


In 00^1 


an' 


S pj Zi^ ^ 

TWrT¥ 


( 1 ) 


where, a* is the activity of non-electrol3de, n* the mol fraction 
of nonHtiectrol3rte, n' the number of molecules of salt per cm* of 
solution, n the number of ions of the kind in each salt mole- 
cule, Zi the valence of an ion of the t*** kind, e the charge of an 
electron, d° the dielectric constant of water, r the mean ionic 
radius, k the Boltzmann gas constant, and T the absolute tem- 
perature. The constant a is defined by the relation, D = D° 
(1 — an) where D is the dielectric constant of a solution of the 
non-ei«5troljte, and n is the number of molecules of non-electro- 
lyte per cm*. 
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Preliminary to a study of the weak electrolytes we wish to 
examine the numerous data with reference to this relation. 

It is not practical at the present time to treat the freezing point, 
vapor pressure, and osmotic pressure data, for these methods 
give the activity of the water and we are not in a position fuUy to 
separate the effect of the electrolyte and non-electrolyte upon its 
activity. Also the non-electrolyte will have an effect on the 
activity of the electrolyte. 

ACraVITT COEFFICIENT OF GASES 

The determination of the solubility of a gas is difficult; for 
example, it has been shown by Cady, Elsey and Berger (9) that 
an error of 100 per cent may be made if the liquid is violently 
shaken, as is usually done.‘ 

We have examined all of the apparently reliable data and have 
-summarized in the following tables the results of our study.- 

If we consider, for example, the reaction, Oj(g) = Oi(aq), 
then the stoichiometrical equilibrium constant is if* = w/P, 
where P is the pressure in atmo^heres and w is the molality. 
The equilibrium constant k K - as(»xi)/(h(g). Bor gases dis- 
solved in pure water, a 2 (aq) = ym = m as the solutions are so 
dilute that y, the activity coefficient, is unity, and for gases at 
moderate pressures, within the limits of the ^erimental error, 
a^(g) = P. Hence in pure water we may take K„ = K. 

In any solution, El = aa(aq)/o*(g) = ym/P = yK„. Thus, to 
obtain y, for oxygen dissolved in a salt solu^n, we need only to 
know Km in pure water, which is equal to K and also Km in the 
salt solution, whence, 

y (in salt solution) » K/Km (iu salt solntion) (2) 

The activity of the gas has been taken equal to the partial 
pr^aure in atmospheres. This is not always justified, for in case 
of carbon ffioxide at one atmosphere a(g)/P = 0.99. But since 
a series of measurements is made at approximately the sa-Tna 
pressure the error of this assumption cancels out. 

^The authors studied the solubility of helium in water and ascribed the 
supersaturatidn to the efect of hamn^ring and of small bubbles* 
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The concentration in the liquid phase is always expressed as 
mols per 1000 grams water. In almost all cases it was necessary 
to transform the data from mols per liter to mols per 1000 grams 
water. This transformation was made by assuming (approxi- 
mately) that (tw/c) = 1 -f a c', where m is the molality of the salt 
or gas, c is the concentration of salt or gas in mols per liter, c' 
the concentration of the salt in mols per liter, and k a constant 
which varies from salt to salt, but is the same for solutions of one 
salt of varying concentration. 

Most of these measurements (10) were made by shaking the 
salt solution in a flask connected by means of a metal capillary 
to a manometer, measuring the change in pressure and volume, 
and reducing the volume of absorbed gas to standard conditions. 
Abegg and Riesenfeld used a dynamic method with ammonia. 
McLauchlan saturated his solutions with hydrogen sulfide and 
then titrated them. 

The data are summarized in the tables. The first column gives 
the salt used. The second gives the ionic strength /*, which 
equals the molality for uni-uni, is 3 times the molality for uni-bi, 
4 times the molality for bi-bi, 9 times the molality for uni-tri and 
15 times the molality for bi-trivalent salts.® The third column 
gives the activity coefficient of the gas dissolved in the salt solu- 
tion, and the fourth the quotient, (log y)/n. 

DISCUSSION 

As previously mentioned* (9), there may be relatively large 
absolute errors in the solubility measurements. But the relative 
error in any series is not great as is shown by the agreement 
between different authors in a few cases. 

We have plotted, in figures 1 and 2, the values of the quotients 
of log 7 by the ionic strengths against the square roots of the 
ionic strengths for those concentrations below ionic strength of 
4 M, The values at 15° are shown by dotted, those at 20° by 
broken, and those at 25° by solid, lines. In many cases the values 

• In the case of added non-electrolytes the molality is used instead of the 
ionic strength. 
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Square Boot of Ion!e Stroagth^ 

Own Hydraien '**'”*“ Nimwsomn* 


Fig. 1. Saiotng-otjt Efsect of Salts on Gases 

aso 


MB 



Fig. 2. Salting-ogt Effect of Saltb on Gases 
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of (log -y) /ft are far from constant, increasing or decreasing as the 
salt concentration is increased. For the most part, however, the 
variations lie within the probable experimental error, and are of 

TASIBl 


Activity coefficient of oxygen^ in agueovs eolvtionc* 
Solubility in water *» 0.00162 M at 16“— 0.00138 M at 25“ 


BJJJS 

/» 

y 

(logT)//* 

BAsa 

/* 

y 

Oogy)//* 

f 

0.505 

1.046 

0.0386 

f 


1.232 

0.1812 

HCl, 16“ \ 


1.090 

0.0367 

NaOH, 25“ { 


1.510 

0.1790 

[ 


1.167 


1 

QQ 

2.316 

0.1824 

>• 


1.030 

0.0253 

f 

0.505 

1.167 


HCl, 26“ 

Wi'M 

1.055 

0.0229 

NaOI,15“ \ 

1.018 

1.370 



B 

1.108 

0.0173 

1 

2:072 

1.921 



0.758 

1.066 

0.0361 

f 

0.505 

1.167 

0.1328 

H^O<,16“ 1 

1.627 

1.117 

0.0314 

Na01,26“ ( 

1.018 

1.356 

0.1299 


3.108 

1.046 

0.0063 

1 

2.072 


0.1320 

( 

0.756 

1,058 

0.0324 

irnTT IK® J 

0.603 

1.239 

0.1851 

H.S04,25“ \ 


1,100 

0.0271 


1.013 

1.532 

0.1829 

1 

3.108 

1.185 

0.0237 









TTATT OK® / 

0.503 

1.212 

0.1660 






1.013 

1.474 

0.1663 

HNO», 16“ • 









B 

B 

0.0015 

HiSp.,16* 1 

0.760 

1.563 

1.210 

1.470 

0.1081 

0.1070 



1.003 

mm. 





HNO,,K“ ■ 


1.013 

0.0054 

rr <>ro j 

0.760 

1,194 

0.1006 


2.140 

1.013 



1.563 

1.426 

0.0985 


m 

IW 






NaOH, 16“ ■ 


1.571 

0.1962 







mm 







* Tlte letter refetencee in ibese tobies correspond with the citations under 
reference (10). 


a random character. Althou^ we have drawn the curves in the 
figures with defizdte slopes, we would probably be justified in talc- 
ing the valu^ of (log 7)//* to be constants, and use the arithmeti- 
cal mean of the vsiues ^vm in tables 1 to 8. 
















TABLE 2 

Actimiy coej^ent of hydrogen in aqueous solutions 
Solubmty in water^* 0.000886 M at 15^—0.000863 M at 25®C. 


3.Aj;/r 

A* 

y 

aog7)/M 


|R^ 

1.024 

■QM 

HCl,d 25’ 

uQS 

1.058 



1.101 

0.0201 

■ 

3.186 

1.140 

0.0179 



IQ 

0.0169 

HjSO^i 26“ 

1.527 

nQa 

0.0193 



Bg 

0.0183 

( 


IH 

0.0069 

HNOs,^ 25’ 1 


B 

0.0100 

0.0069 

[ 

3.294 

IQ 

0.0066 

, ^ 

3.290 

1.252 

0.0297 

Alois, ^ 15’ < 


mm 

0.0292 

0.0282 


19.74 

3.309 

0.0263 



1.255 

0.0570 

MgSOsjJ^lS’ ^ 

3.744 

6.520 

1.625 

2.363 

0.0563 

0.0572 



3.774 

0.0577 



1.163 

0.0681 


1.734 

1.299 

0.0655 

CaCla,^^ 15’ • 

3.366 

1.655 

0.0660 



2.244 

0.0640 

* . 

Qg 

3.628 

0.0630 

' 

BB 

1.145 

0.0694 

LiCl,^ 15’ 

1.861 

1.329 

0.(^ 


3.699 

1.776 

0.0624 



1.167 

0.134 



1.386 

0.142 

ITaOH,^25’ ■ 


1.986 

0.149 



2,675 

0.142 


tSM 

3.502 

0.136 


hB 

1.199 

0.09^ 

NaC^J^lS’ ^ 

2.125 

2.941 

HH 

0,0970 

0.0978 



2.915 



SALT 

M 

y 

dog 7)//* 


mm 


0.0875 


i.4sn 

1.315 


NaNOs,'‘15’ 

2.882 


0.0755 


4.485 





2.745 

0.0647 




0.0728 

NaNO*,’20’ 


1.212 

0.0990 


1.739 

1.377 

0.0800 

KOH,'*25“ 1 


1.146 

1.338 

0.118 

0.125 



1.111 

0.0855 



1.224 

mSm 

£€!,»> 16“ i 

1.860 

1.397 



3.171 

1.692 

■B 


3.946 


mSm 


0.492 


0.0809 


0.912 

1.164 

0.0723 

KNOi,*- 15“ ] 

1.643 

mwm 

0.0632 


1.962 

1.333 

0.0635 


2.685 

1.444 

0.0594 


0.413 

1.039 

0.0403 

KNOs,»20’ 

0.829 


0.0471 


1.540 

1.236 

0.0596 


1.031 

1.245 

0.0923 


2.103 

1.567 

0.0928 

IW30,,5‘15’ 


WWm 

0.0890 



3.875 

0.0865 


14.37 


0.0716 

f 

mm 


0.0070 

NH4NO^’20’^ 


1.021 

0.0100 

1 

1.631 






0,000 

CHor^ 

HBSj 


0,000 

liydrate,* 20’ 

2.845 

ls|^ 

--0.0051 


mm 


-0.0090 

{ 

0.594 

HH 

0.0398 

Sug^,» 16“ \ 

1.263 

1.183 


1 

2.481 

1.446 
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In Tnfl.Tring the plots of figures 1 and 2 we have used the square 
roots of the ionic strengths as the abscissae. This was done for 
convenience in evenly distributing the points, for since the values 
of (log r)/ii seesm to be practically constant, even at very high 
ionic strengths (see table 8), the function used does not matter. 

, But it is interesting that many of the curves in the figures are 
strai^t lines. 

There se^ns to be a definite temperature coefficient, the value 
of (log 7 )/p being sli^tly hi^er the lower the temperature in 
most cases. 


TABin 3 

Activity coefficient of nitrogen in aqueous solutions at £5^ 


Solubility in water = 0.000641 M at 25® 


SALT 

M 

7 

(log to/m 

8A3UF 

M 

7 

(log7)/M 

' 

0.506 

1.196 

0.153 



1.013 

0.0062 

BaCli - 

1.070 

2.310 

1.355 

1.779 

0.123 

0.108 

Urea - 


0.999 

1.002 

-0.0005 

0.0005 







0.958 

-0.0055 


0.115 


0.346 





■NTaPl < 

0.372 

1.259 







1.170 

1.698 







2.270 

2.920 







The value of the activity coefficient will depend upon the units 
chosen to express the concentrations. For thermodynamic pur- 
l^oees the- molality or the mol fraction is much more useful than 
itite concentration. 

The quotient of the activity coefficient by the molality wifi, also 
be constant, but by taMng the quotient by the ionic strength the 
vsdues of the function are brou^t to much closer values for simi- 
lar substance, e.g., adds. In this respect equation 1 is justified. 

But according to equation 1, for the same nondectrolyte in 
solutions of different salts the constant should vary inversely as 
the atomic radius d the salt. 

The values of the mean ionic radius of such of the salts as can 
be calculated from the radii of combination given by Bragg and 
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TABLE 4 

Activity coeMcient of nitrouB oxide in a^^om solutions 
Solubility in water * 0.0348 M at 15® — 0.0218 M at 25® 
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TABLE 4— Conii«tt6rf 


SiiLT 

/» 

T 

aog7)//» 

SALT 

/* 

7 

(log 7 )/m 

KOH,ai 6 '’ 1 

■ 

1.168 

1.376 

0.1266 

0.1365 

KNO,,*25* 1 

1.068 

2.374 

1.136 

1.250 


EOH,«25'’ 1 

1 

1.149 

1.344 

0.1199 

0.1268 

RbCl,a 16* 1 

■ 

1.099 

1.201 

. 

H 

KCl,d 16* 1 


1.118 


RbCl,^ 26* 1 



0.0766 

IQ 

1.226 


IH 

1.188 

0.0722 

KC1,'»26* 1 


1.111 


0801 , <* 16“ 


1.072 

0.0591 

uB 

1.213 

0.0814 

0801 ,^ 26 * 

m 


0.0567 




1.148 







1.301 

1.24S 


f 

1.118 


0.0348 

KC1,«26* ] 

2,112 



NH401,«26“ ( 


1.181 

0.0292 





1 

5.185 

1.275 

0.0203 


4.632 

1.038 

HH 

f 


1.070 

0.(^69 

KBr,-* 16* 1 


1.095 


NH 4 Br,* 26 * ( 

2.341 

1.136 

0.0236 

Usg 

1.192 

HQ 

1 

5.161 

1.196 

0.0160 

KBr,<»26* 1 





Hi 

IH 

0.0096 

VE 

1.177 

0.0680 

NHJ70|,«26* ' 


B 

0.0079 

0.0055 

( 


1.187 


1 

11.95 


0.0025 

KBr,«26* i 


EE^ 






1 


1.813 




0.981 

-0.0187 





Chloral 


0.964 

-0.0169 

W 16 * 1 

IjMjK 

ESI 


hydrate/ 20 ® 

1.474 

0.946 

-0.0164 


1,171 

0.0653 


1.911 

miji 

-0.0165 

Wss" 1 





H 

0.998 

-0,0009 



0.0574 

Urea,* 25® ^ 

2.139 

4.955 

0.987 

0.942 

1 1 
o cs 

ii 

KI 04 ,« 26 * 



warn 


!B 

0.883 

-0.0067 


Bragg (11) are ^ven in Table 9. Tb.e values are obtained by 
means of tbe formula 

r - 2 w *<*/2 ivi zt*/u), (3) 

where n is the radius of combination of an ion of the i*^ kind, and 
r is the mean atomic radius for the molecule, and Vi and ii have 
tbe same, s%nidcance as in equation 1. 
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TABLES 

Actinty coefficient of carbon dioxide in aqueous solutions 
Solubility iu water « 0.0478 M at IS'Ml.OSTO M at 25® 



















TABLE 6 

Activity coefficient of hydrogen sulphide in, aqueous solutions at 


Solubility in water = 0 .000135 M under pressure of 1 mm. Hg at 25° 


BMJr 


y 

(log y)/ti 

BJLt/S 

/* 

Y 

aogTO/M 

HCl 

0.505 

1.016 

0.0136 

KBr 

1.041 

1.016 

0.0062 

H 2 SO 4 

0.768 

1.095 

0.0519 

HI 

1.050 

0.972 

-0.0117 

NaCl 1 

0.505 

1.066 

0.0560 

K 2 SO 4 1 

0.377 

1.118 

0.1283 

1.018 

1.160 

0.0633 

0.768 

1.269 

0.1365 

NaBr 

1.029 

1.039 

0.0161 

KNOs 

1.043 

1.050 

0.0183 

NaaS04 1 

0.377 

1.164 

0.1750 

NH 4 CI 

1.039 

1.003 

0.0013 

0.768 

1.367 

0.1749 

NH4Br 

1.046 

0.956 

-0.0184 

HaNO« 

1.032 

1.084 

0.0339 

NH 4 NO, 

1.064 

0.950 

-0:0209 

KCl 

1.031 

1.137 

0.0541 

XJrea 

1.045 

0.938 

-0.0266 


TABLE 7 


Activity coefficient of ammonia in aqueous solutions at 


Solubility in water »= 0 .00743 M under pressure of 1 mm. Hg. at 25** 


BAI.T 

A 

Y 

(log Y)/m 


0.513 

1.128 

0.1019 

LiOH 

1.025 

1.207 

0.0797 


1.538 

1.270 

0.0674 

’ 

0.517 

0.986 

-0.0117 

LiCl - 

1.044 

0.961 

-0,0208 


1,680 

0.909 

-0.0262 


0.520 

0.961 

-0,0332 

LiBr 

1.063 

0.914 



1,601 

0.861 

-0,0405 

f 

0.623 

0.928 

-0.0619 

Idl \ 

1.066 

0.856 

-0,0633 

1 

1,629 

0.771 

-0.0693 

f 

0.513 

1.114 

0.0914 

NaOH ^ 

1.025 

1.239 

0.0908 

1 

1.538 

1.363 

0.0874 


0.517 

1.029 

o.(m} 

Naa 

1.043 

1,079 

0.0276 


1.578 

1.128 

0,0332 


0.520 

0.999 

-0.0008 

NaBr 

1.054 

1.036 

0.0146 


i.m 

1.062 

0,0137 

( 

0.523 

0.961 


Nal \ 

1,066 

0.947 


1 

^ 1.^ 

0.935 

BOB 


BAj/r 


Y 

(logY)/j» 


0.516 

1.139 

0.1094 

KOH 

1.038 

1.347 

0.1246 


1.566 

1.580 

0.1268 


0.520 

1.036 

0.0296 

KCl 

1.056 

0.093 

0.0365 


1.605 

1.166 

0.0390 

KCIO, 

0.260 

1.039 

0.0638 


0.523 

1.006 

0.0060 

KBr 

1.066 

1.038 

0.0162 


1.629 

1.075 

0.0193 

KBrO, 

0.259 

1.026 

0.0432 


0.525 

0.981 

-0.0168 

KI 

1.076 

0.988 

-0.0048 


1.650 

1.000 

0.0000 

KIO, 

0.259 

1.014 

0.0231 

f 

0.269 

1.104 

0.0553 

KiSO, \ 

0.523 

1.238 

0.0690 

1 

0.816 

1,356 

0.0540 

f 

0.523 

1.037 

0.0302 

KNO, 1 

1.068 

1.087 

0.0338 

1 

1.634 

1.143 

0.0355 
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TABLES 

Activity coefficient of acetylene in aqv^oue eolutiom at 
Solubility in water = 0.0421 M at 25^ 


2inS04 

Zn(N03)2 

MnS04 

FeS04 

FeClj 

Fe2(S04)3 

C 0 SO 4 

NiS04 

Cr,(S04)8 

AlCl, 

Ala(S04)* 

AlCNOs)* 

MgCls 

MgS04 

Mg(NOz)2 



ace y)/fi 

0.0617 

0.0547 

0.0294 

0.0266 

0.0699 

0.0637 


0.1007 

0.0962 

0.0575 

0.0506 

0.0424 

0.0684 

0.0573 

0.0559 

0.0502 

0.0404 

0.0822 

0.0334 

0.0271 

0.03^ 

0.0261 

0.0161 

0.0228 

0.0137 

0.0082 

0.0472 

0.0423 
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Thus the ratio of this constant for two given salts, say sodium 
nVilnridp and potassium iodide, should be independent of the non- 
electrolyte whose activity coefl&cient is being measured. Or, for 
two different gases, say oxygen and nitrous oxide, in a solution of 
the same salt the ratio of the constants should be independent of 


TABLE 9 

Mean atomic radius of some halides (X iO*) 



H 

Id 

Na 

K 

Rb 

Cb 

Ms 

Ca 

Ba 





IjR 

1.29 

1.37 

1.41 

1.46 

1.27 

1.41 



1.28 



ng 

2,13 

1.50 

1.65 









Bh 



1.70 

1.76 







the salt used. There seems to be a qualitative agreement with 
these demands in most cases, but not a quantitative one. In tiie 
case of ammonia the order of increasing salting out power (in- 
crease in the quotient) for salts of the alkali metals is that of 
increasing atomic radius rather than of increasing reciprocal of 
the atomic radius. 
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THE ACTIVITY COEFFICIENT OF NON-ELECTEOLYTES 

IN AQUEOUS SALT SOLUTIONS FEOM SOLUBILITY 

MEASUREMENTS. THE SALTING-OUT ORDER OF 

THE IONS 

MEELE RANDALL jutd CRAWFORD FAIRBANKS FAILEY 
Univereity of CcMfomia, Berkeley, California 

In tile preceding paper we studied the activity coefficient of 
gases dissolved in aqueous salt solutions. It was found that the 
quotient of the logarithm of the activity coefficient of the dis- 
solved gas by the ionic strength, n, of the salt was apprordmately 
a constant. 

If the activity of the non-electrolyte is determined by having 
a solid phase in equilibrium, rather than by the pressure of a gas, 
the accuracy of the results should be greater. In the present 
paper we study the activity coefficient of iodine, phenylthiourea, 
and o-nitrobenzaldebyde. 

The solubility of these substances in water is small and we may 
take the activity, a, of the non-electrolyte in its saturated aqueous 
solution equal to its molality, and its activity coefficient, 
7 „, is, therefore, unity. In the presence of the salt, since the 
solid phase is present, os = my = constant. Hence, tiie activity 
coefficient in any salt solution is given by the egression, = 
m°Jm, where m is the molality of the non-electrolyte in the salt' 
solution. 

Linderstrom-Lang (1) in a recent paper has investigated the 
e&ect of a large number of salts on the solubilities of hydroqui- 
none, quinone, succinic acid, and boric acid. He calculated the 
quantity Q.og(S°/S))/e where 8° is the solubility in pure water 
of the substance investigated, expressed as mols per liter, S 
its solubility in the salt solution, and c the equivalent concentra- 
tion of the salt. This quantity (log(iS°/)S))/c was found to be 
approximately constant for a given saturating sulratance and a 
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aitiglft salt at different concentrations, increamg with concea- 
teations of salt in some cases, in others decreasing. We do not 
have the necessary density determinations to enable us to calcu- 
late (log From approximate densities we estimate that 

this quantity will also be approximately constant, its variation 
being in some cases greater, in some less, than Linderstrdm- 
Lang’s e3q)ression. 


TABini 

Activity coejSficient of iodine^ in aqvsous salt solutions^ 


Solubility iu water » 0.001321 M at 25‘M).001816 M at 35® 


8A1/C 

■ 



BAIA! 

/( 

7u 

losTy 

1* 


1.267 

1.376 


■ 

6.455 



■vr- an. oRO 

1.997 

1.653 


NaNO,, 25® 

7.787 

2.613 

0.0^ 

jN Ajimv/ 4| ^ 

4.095 

2.784 



9.302 

3.161 

0.0^ 


6.166 

3.628 

mm 










0.2376 

Qijjj 

n 


0.224 

mmym 



0.4241 

mmm 



0.499 

1.116 



0.8651 

1.083 

0.0400 


1.095 

1.298 

3[® 

NaNOs, 35® 

2.222 

mmm 

0.0389 


2.122 

1.619 

32^2 


4.818 

1.627 


Na3S04, 36® 

3.666 

2,459 

3eS 


7.898 

2.287 

0.0455 


5.646 

3.897 

3|SS 


11.81 

miwm 

0.0436 


7,165 

5.657 

3E® 






9.843 

10.72 

3|SS 



1.227 

0,1507 


10,45 

12.67 

RWm! 


1.218 

1.478 

0.1393 






1.883 

1.763 

0.1308 


0.736 

1.072 


NaH2P04, 25® - 

2.697 

2.036 

0.1189 


1.469 

1.178 



3.355 

2.666 

0.1269 

NaNO,, 25® 

2.120 

1.287 

3®S 


BE] 

5.535 

0.1473 



1.641 

3^S 


6.987 

13.22 

0.1873 


\ 4.991 

1.904 

3B 






^ The numexical citations in these tables are to the corresponding references. 


The measurements of Carter (2) on the solubility of iodine, 
of Biltz (3) and of Bothmund (4) on the solubility of phenyl- 
thiourea, and of Goldschmidt and Sunde (5) on the solubility of 
o-nitrobenzaldehyde,^have been converted to molalities, and the 
activity coefficients calculated are given in tables 1 to 3. The 
first columns give the salt, the second the ionic strength of the 
salt/ the third the ratio of the solubility in pure water to that in 
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TABLES 

Activity coefficient of phenyltkiourea in aqueous salt solutions at 


Solubility in water = 0.01394 M at 20® 


SAX/F 

M 

yu 


SAIA* 


yu 

aogr«)M 

r 

0.250 


0.1272 

r 

0.189 

1.054 

0.1204 

A1C1,» 1 

0.500 

1.003 

1.087 

1.155 

0.0724 

0.0624 

Na2S04^ 1 

0.378 

0.758 

1.123 

1.272 

0.1333 

0.1378 

i 

2.014 

1.296 

0.0559 

1 

1.632 

1.646 

0.1412 


0.250 

1.040 

0.0680 


0.126 

0.996 

-0.0134 

MgS 04 ^ ^ 

0.500 

1.000 

1.091 

1.208 

0.0766 

0.0821 

NaNOs^ 

0.252 

0.508 

1.004 

1.030 

0.0067 

0.0251 

. 


1.478 

0.0849 


1.032 

1.074 

0.0300 


0.189 

1.062 

0.1381 


0.125 

1.036 

0.1232 


0.376 

1.076 

0.0845 


0.252 

1.087 

0.1436 

BaCU* 

0.756 

1.132 

0.0712 

xLOl* ^ 

0.508 

1.127 

0.1021 


1.523 

1.315 

0.0780 


1.031 

1^282 

0.1046 


3.093 

1.591 

0.0652 










0.126 

1.000 

0.0000 


0.125 

0.996 

-0.0136 

mo,» 1 

0.253 

1.012 

0.0205 

LiNO,< 

0.252 

0.607 

0.991 

0.986 

-0.0154 

-0.0120 


0.513 

1.036 

0.0300 


1,031 

0.984 



0.126 

1.027 

0.0921 






0.253 

1.034 

0.0573 


0.125 


0.1632 


0.510 

1.067 

0.0552 

NaCl* 

0.261 

1.082 

0.1362 


1.041 1 

1.139 

0.0542 


1.161 

0.1283 






1.018 

1.367 

0.1333 


0.126 

0.982 

-0.0626 





TTTS i 

0.253 

0.952 

-0.0845 


0.126 


0.0309 

JOkl* '' 

0.513 

0.950 

-0.0434 

NaC10*» 

0.262 

0.610 

1.012 

1.047 

0.0206 

0.0392 


1.050 

0.909 

-0.0394 


1.039 

1.098 

0.0391 


0.189 

1.049 

0.1100 


0.126 


-0.0698 

K*S 04 * 

0.377 

0.758 

1.111 

1.242 

0.1212 

0.1241 

NaC104» 

0.253 

0.512 


-0.0347 

0.0017 


1.532 

1.565 

0.1269 


1.048 

1.059 

0.0237 


0.126 

0.999 

-0.0038 






0.253 

0.996 

-0.0067 


0.126 


-0.0277 

JELlNUs* ^ 

0.511 

1.010 

0.OO84 

Nal» ^ 

0.253 

0.981 

-0,0328 


1.043 

1.043 

0.0175 

0.510 

0.956 

-0.0382 








-0.0174 
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TABLE %—CwAinv/eA 


SAvr 

ft 

Tu 

(logrj/p 

BJkJJf 

ft 

yu 

aogTtt)//* 



0.126 

Bn 

0.1110 



0,126 

0.963 


KAc* 


0.264 

liii 

0.1010 

CsNOs* 


0.263 

0.924 



0.615 

1.116 

0.0918 


. 

0.614 

0.888 

WSM 



1.060 

1.224 

0.0828 



0.126 

0.976 

-0.0833 



0.126 

0.975 


NHiNO,* - 

1 

0.254 

0.952 

-0.0842 

EbNO,* 1 


0.263 



1 





0.612 





1.064 

0.879 



1 

1.047 

0.936 

-0,0274 




■■1 


the salt solutioD, and the fourth the quotient of logarithm of 
activity coefficient by ionic strengtL 
The results are also sho\m in figure 1, in which the quotients 
in column 4 are plotted against the square roots of ffie ionic 
strengths. 

The measurements with iodine are the most accurate. With 
sodium sulfate and nitrate the quotient (log 7 „)//i is nearly oon- 


TABLE I 

Ajctiviiy coefficient of o-nitrobemaldehyde^ in aqueous salt mluHom ost 
Solubility in water » 0.01534 M at 25** 



ft 

yu 

Qogy^/ft 

SALT 

' 

It 

yu 


f 


0.969 

-0.0362 

NaNO, 1 

1.032 

0.718 

Eli 

HCl \ 


, 0.920 

-0.0366 

2.130 

0.680 

Bn 

1 

2.080 

0.838 

-0.0369 

KOI 1 

1.031 

1.108 

0.0400 

HNO, 1 

0.508 

0.711 

-0.292 

2.120 

1,144 

0.0276 

1.030 

0,599 

-0.216 

f 

0.611 

0.725 

-0.274 


Naa 1 

1.018 

1.205 

0.0795 

KNO, \ 

1.043 

0.694 

-0.152 

2j076 

1.604 

0.0990 

\ 

2.170 

0.625 

-0.'094 

NaNO, 

0.6(» 

0.766 

-0.239 






stant, as was the case with gases. The ionic strength of the 
sodium dihydrogen phosphate (taken equal to its molality) is not 
simply determined and the variation from constancy is probably 
due to this cause. The results with the phenylthiomea and o- 
nitrobenzaldehyde are not very accurate, but they show the same 
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qiialitative agreement with the demands of equation 1 of the 
previous paper as was shown by the gases. 

The measurements with iodine at 26® and 35° also show that 
the quotient is somewhat larger (salting out effect is larger) at the 
lower temperature. 


THE SAMING-OUT OEDEB OP THE IONS 

The use of the quotient of the logarithm of tiie activity co- 
efficient by the ionic strength rather than the molality or the 



equivalent molality, as a measure of the salting-out effect, gives 
us a new basis for arran^ng the salting-out series of the ions. 
The valmce of the ion in our new series is of littie importance. 
For example, barium chloride and potastium ddoride have about 
the same effect. 

It is impcmble to fix an absolute order on tiie batis of the 
rather approximate data cqntidered, but we may place the nega- 
tive ions in the order of their decreasing salting-out effect about 
as folloii^: hydroxide; sulfate and carbonate; chlorate, bromate, 
chloride, acetate, iodate' and perhalide; bromide and iodide; 
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nitrate. For the poative ions the order is approximately as fol- 
lows: sodium; potassium; lithium, barium, rubidium, calcium, 
nickel, cobalt, magnesimn, ferrous, zinc, cesium, manganous, 
aliiTninhi'm, ferric, and chromic; ammonium; hydrogen. 

Referring to figure 1, and to figures 1 and 2 of the preceding 
article, it is interesting to note that the ^read of the values is 
different for the different non-electrolytes. That is, the differ- 
ence betweai the effect of sodium hydroxide and nitric acid is 
large in some cases (cf. oxygen), and in some cases small (cf. 
nitrous oxide). Also the relative position with reference to a 
ne^gible effect, zero value of (log 7 «) /ju, is variable. Thus, aU 
the vidues in the case of oxygen are positive, while many of those 
for phenylthiourea are negative. We have not discovered any 
relation between these observations and properties of the non- 
electrolytes. 

In the case of o-nitrobenzaldehyde the effect of nitric acid 
and the nitrates was very large negatively. This may be due to 
the nitro group in the non-electrolyte. 
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THE ACTIVITY COEFFICIENT OF THE UNDISSOCIATED 
PART OF WEAK ELECTROLYTES 

MERLE RANDALL and CRAWFORD F. FAILEY 
University of California, Berkeley, California 

In the preceding two papers it was shown that the quotient 
of the logarithm of the activity coefficient of gases and non- 
electrolytes by the ionic strength of an added salt was approxi- 
mately constant. This paper will show that this law is also true 
for the imdissociated part of a weak dectrolyte, when very simple 
assumptions are made regarding, the activity coefficient of the 
ions. 

The effect of salts upon the activity of weak electrolytes has 
long been a subject of controversy. Various authors, notably 
Arrhenius (1) have advanced the view that the dissociation of 
weak acids is increased by salts. McBain and Coleman (2) have 
objected to this view. They concluded that there was no experi- 
mental evidence for the supposed increase in the dissociation 
constant of weak acids and bases in the presence of neutral salts. 

McBain and Kam (3) determined tiie vapor pressure of acetic 
acid over solutions containing add^ salt and concluded “the 
undissociated acid must be regarded as exhibiting enhanced 
chemical potential in the presence of such salts.” We have 
recalculated their results in table 5, which shows that the effect of 
salts on the undissociated part of acetic acid is approximately 
the same as that upon non-dectrolytes. 

Bronsted (4) points out that the form of the solubility curves 
of weak acids in salt solutions are to be explained as due to the 
rapid decrease in the activity coefficient of the ions at low salt 
concentrations and the increase in (imdissociated) at high salt 
concentration. Rbrdam (5) measured the solubility of beixzoic, 
o-toluylic, and o-nitrobenzoic acids in salt solutions. He calcu- 
lated the activity coefficient of the undissociated molecules and 
found it to increase with the salt concentration. 
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The activities of the ions of sodiiun, and potassium acetates in 
piure aqueous solutions have been shown by Randall, McBain 
and White (6) to closely approximate the activity coefl&cient of 
the corre^onding chlorides. We shall in the following make the 
approximate assumption that the activity coefficient of the dis- 
sociated part of any monobasic acid at small molalities, in salt 
solutions of varying ionic strengths is equal to the activity coeffi- 
cient of hydrochloric acid in the same or similar salt solution. 
Further we shall assume in all solutions of sodium salts the values 
of Hamed (7) for the activity coefficient of 0.01 M hydrochloric 
acid in solutions of sodium chloride referred to y* = 0.796 in 0.1 M 
pure hydrochloric acid. We shall take the activity coefficient in 
solutions of potassium salts as equal to that found by Haxned for 
the activity coefficient of 0.01 M hydrochloric acid in a solution^ 
potassium chloride having the same ionic strength as the solution 
in which our weak acid is dissolved. The activity coefiiment in 
solutions of barium salts is taken from the work of Randall and 
Breckenridge (8). These assumptions axe not fuHy justified, but 
their use in the absence of experiments on very dilute hydrochloric 
acid in the presence of tiiese salts, does not greatiy afiect our cal- 
culate values for the activity coefficient the undissociated 
molecules. 

We shall take the dissociation constant, K, of the acid as that 
determine from conductivity data, correcte in case K is large, 
for changes in activity coefficients and ionic mobilities by the 
methe of Sherrill and Noyes (9). 

AGOTVmr COEPPICBENT OP 'THE UNDISSOCIATED MOLECULES PEOM 
SOLUBILITY M3BLtLSUEEMENTS 

When a solution is saturate withaweak acid the activity of the 
acid is firod; Oj = constant where and m- are 

the molalities of the hydrc^en and acid ions, and since m+ = m-, 
we have ako constant. By dividing this constant quantity 
(calculate from K, y*, and the solubility in pure water by suc- 
cesave approximations) by the value of the activity coefficient of 
hydrochloric acid in a salt solution of ionic strength equal to that 
in which the solubility determination was made, we obtain the 
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molality of hydrogen ion m+, assunm^ always that 7* may be 
obtained by the principle of ionic strei:^h. Subtracting from 
the solubility m, gives us tbe molality of undissociated acid m«. 
To obtain the activity coefficient of the undissociated molecules 
of the acid, we divide the molality of the imdissociated molecules 
in pure water, by their molality in the salt solution: 7* = 
We then find that for a given acid in a solution of a 
given salt at various ionic strengths: (log 7„) /nisslt) = approxi- 
mately constant. 

CakadaMom of and w+7* for pure saturcded solutions of 
weak adds in water. Given m, the solubility in water, K, the 
dissociation constant, and a plot of the activity coefficient of 
hydrochloric acid against ionic strength in pure solution (10), we 
can obtain and m+7* by successive approximations. The 
molality of undissociated molecules, is equal to the solubility 
in water less w+, the molality of the hydrogen ion. Setting the 
activity co^cient of undissociated molecules equal to unity, 

= m— m+, also m+ — ?»_. Therefore (m+7*)* = K 
Solving for m+ we introduce a new value of 7* corr^onding to 
the ionic strength found, and repeat the calculation. Thus we 
obtain m+, w+7*, and 

The data of Hoffmann and Langebeck (11) and of Rordam ( 5 ) 
on the solubility of benzoic, o-toluylic, salicylic, and o-nitroben- 
zoic acids are given in tables 1 to 4 . Ih each table the first column 
gives the added salt, the second the ionic strength of the added 
salt, the third the molality of the dissolved wmk acid, the fourth 
the activity coefficient of hydrochloric acid at the ionic strength 
of the solution, which is the sum of the third and fifth cbliunns. 
The fifth column is the quotient of m+7*, which in the saturated 
solution oi a ^ven acid is a constant, by 7.^. The sixth column 
is the molality of the imdissociated acid or the difference be- 
tween CJols. 3 and 5 . The seventh column gives the activity 
coefficient of the undissociated part of the acids, and the last 
the quotient of the logarithm of the undissociated part by the 
ionic strength of the added salt. The ionic strength of the added 
salt, rather than the ionic strength of the solution, h used in 
obtaining this last quotient, because the salting-out ^ect of acids 
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TABLE 1 

Activity coefficient of the undissociated molecules of benzoic add in salt 
solutions at ^6^* 

Ks 98 .i = 6.61 X 10“®, Solubility in water ** 0.02793, m+ = 0.001326, 

mtt® = 0.02655 


BAi/r 


m 

y± 

“+ 


yu 

toglfu 

{.(salt) 


0.01982 

0.02790 

0.864 

Si 

0.02637 


m 


0.02502 

0.02783 

0.862 

f ? 

0.02629 


wSm 


0.03320 

0.02775 

0.849 

! Si S 

0.02619 



NaCl“ 1 

0.06010 

0.02755 

0.829 

i S! S 

0.02596 


wSm 

0.1002 

0.02708 

0.789 

1 S'S 

0.02540 


bSSI 


0.2009 

0.02607 

0.765 

! ni S 

0.02431 


bBS 


0.3356 

0.02481 

0.737 

* S 1 5 

0.02301 


wSm 


0.5022 

0.02338 

0.733 

1 Bia 

0.02157 

■gf 

Bl 


0.02001 

0.02794 

0.872 


0.02642 




0.02501 

0.02791 

0.861 

1 Si ? 



mm 


0.03333 

0.02794 

0.849 

! Si S 

0.02638 


Bra 


0.05012 

0.02790 

0.816 

i S!S 

0.02827 


WB 

NaNOj« 

0.1003 

0.2009 

0,02780 

0.02749 

0.789 

0.754 

! SiS 
j S J 

m 

1.016 

1.032 

0.069 

0.068 


0.3360 

0.02707 

0.737 

i S'l 



0.065 


0.5072 

0,02646 

0.734 

0.00181 

0.02465 

1.077 

0.064 


0.7656 

0.02556 

0.749 

0.00177 


1.116 

0.062 


1.030 

0.02458 

0.773 



1.161 

0.063 


0.02004 

0.02791 

0.872 


0.02639 

■Qi 

0.130 


Em 


0.861 


0.026Kr 

■WilCT 

mm 


0.03349 

0.02773 

0.849 


0.02617 

1.016 


KC1« 

0.05008 

0.02767 

0.816 


0.02604 



0.1001 

0.02727 

0.784 


0.02558 

1.038 

0.162 


0.2008 

0.02654 

0.741 


0.02475 

1.073 

0.152 


0.3339 

0.02566 

0.723 


0.02383 

1.114 

0.140 


0.5074 

0.02466 

0.716 


0.02281 

1.164 

0.130 


0.02002 

0.02796 

0.872 


0.02643 


0.087 


0.02601 

0,02796 

0.861 


0.02642 


0.087 


0.03336 

0,02798 

0.849 


0.02642 


0.087 


0.05011 

0.02800 

0.816 


0.02637 


0.061 

KNO,« 

0.1003 

0.2011 

0.02803 

0.02802 

0.784 

0.741 


0.02634 

0.02623 


0.035 

0.026 


mm 

0.02787 

0.723 


iawwiin 


mm 


mM 

0.02788 

0.716 


0.02583 


KEi 


0.7812 

0.02731 

0.716 


0.0254C 


msM 


HI 

0.(^4 

0.723 


0.02511 


0.023 
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TABLE l-^ontiniied 


BAia 

j» 

m 

T* 



yu 



0.03441 




0.02633 

n 

0.101 


0.07629 


0.796 


0.02608 

mm 

0.102 

BaCy 

0.1425 


0.763 


0.02570 


0.099 


0.2998 

0.02668 



0.02484 

lEI 

0.097 


0.6048 


0.686 


0.02310 


0.100 



0.02817 

0.863 


0.02662 

WSi 

-0.036 


0.0?«35 

0.02823 

0.795 


0.02659 


-0.009 


0.1262 

0.02821 

0.761 


0.02647 


0.011 

Ba(NO,)s« 

0.1827 


0.742 


0.02624 


0.019 


0.3015 

0.02785 

0.718 




0.030 


0.5130 

0.02753 

0.694 


0.02562 


0.030 


0.6933 

0.02712 

0.682 


0.02618 


0.033 


* The citations in the tables are to the corresponding papers. 


on gases and non-electrolytes was found to be small. Moreover, 
the contribution to tbe ionic strength, of the weak acid is not 
large, and the ionic strength of the added salt is directly obtaiaed. 

The quotieuts in the last columns of the tables are plotted in 
figures 1 to 4 against the square root of the ionic strength of tihe 
added salt, again, for convenience, usng this quantity rather 
than the square root of the ionic strength of the solution. These 
plots will be discussed later. 

YHH ACmVITT COEFFtCmUT OF THE UNDISSOCIATED MOMJCUIiES OF 

ACETIC ACID IN THE PEBSENCB OF SALTS FBOM MBASUEEMENTS 
OF DISTEIBUTION AND OF THE COMPOSmON OF A DISTILLATE 

It seemed deniable in view of the importance of the subject 
to obtain evidence as to the effect of salte on the undissociated 
molecules of weak acids by an independent method. 

Sugden (12) has measured the distribution of acetic acid be- 
tween amyl alcohol and water. 

If is the quotient of the concentration in amyl alcohol by the 
molality in water, and B is the corresponding ratio when the acid 
is dissolved, nqt in pure water, but in a salt solution, we shall set 


Yb “ H/R' 


( 1 ) 
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In 80 doing we ne^ect the small amount of ionization but as 
Sugden does not give his acid concentrations but only the distri- 
bution ratios, it is impossible to correct for dissociation. 

TABLE 2 

Activity coefficient of the undiasodated molecules of orthc-toluylic add in salt 

solutions at 

^ 898.1 = 1.30 X 10“^, Solubility in water = 0.008783, 7± “ 0.001003, 

mu** * 0.007745 


SAUC 


m 

7± 




logTtt 

/<(8alt) 




0.892 



1.006 

0.217 




0.863 

B Btfi? 

0.007594 

1.020 

0.344 

NaCl» 1 



m 

El IIIlBIl 

0.007545 

1.027 

0.231 



MM 

11 ijiti) 

0.007336 

1.056 

0.237 




0.765 

II SfiBi 

0.007122 

1.088 

0.229 


2^3 


0.746 

1 ugi 

0.006827 

1.136 

0.220 


0.01200 


0.892 

RIR! 

0.007748 

0.999 

-0.015 


0.02600 


0.863 

liKijI *r* 

0.007712 

1.004 

0.009 

NaNO,» 

0.05000 


0.829 

nfili T- * 

0.007602 

1.007 

0.061 



0.789 

EiViJ iS I 

0.007589 

1.021 

0.090 





liySii iH I 

0.007468 

1.037 

0.099 




0.746 

y^llj 

0.007365 

1.052 

0.088 


0.03600 


0.842 

HR 

0.007615 

1.017 

0.203 


0.07600 


0.794 

iiViii I’iii:] 

0.007543 

1.027 

0.154 

BaW 

0.1404 


0.7^ 

liifn iK?1 

0.007396 

1.047 

0.134 



0.718 

li](i!i i^/j 

vmm 

1.098 

0.138 




0.697 

1 u r li ]j 

0.006701 

1.166 

0.131 




0.680 

IKuy 


1.248 

1 

0.128 




0,842 

0.001186 

0.007740 


0.012 



E 

0.794 


0.007735 


0.006 

Ba(NO,),« ^ 


E 

0.752 


0.007662 

1.011 

0.032 



0.718 

ifffr 


1.028 

o.m 







1.048 

0.042 



liiH 

0.630 


EBS 

1.077 

0.043 


!From distillation esperiments, HcBain and Kam (3). ^e a 
quantity which is proportional to the partial pressure of the acetic 
acid over its soluticm divided by the concentration undi®o- ' 
dated molecule in ihe solution. From these the vahios of tixe ' 
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activity coefficient of the xmdissociated molecules are obtained 
directly. The values of and of (log Y„)/j«(salt) for acetic acid 
in various salt solutions are giv«a in table 5. The first column 

table: 8 

Adimty coeffidmt of imdisaodated molecules of salicylic add in salt 

solutions at tS" 

Kns.\ = 1.06 X 10~», Solubility in water 0.01602, m+ r* = 0.003591, 

«»,.• »* 0.01218 


sai;t 


m 

T* 

“+ 



logYtt 


0.02003 

0.01616 

0.867 

0,00414 

0.01202 

Bii 

IBS 


0.02602 

0.01621 

0.868 

0.00418 

0.01203 

IS9 

mm 


0.03331 

0.01629 

0.845 

0.00425 

0.01204 

IBS 



0.05000 

0.01621 

0.827 

0.00434 

0.01187 


Wmi 

NaCl» 

0.0999 

0.01614 

0.789 

0.00465 

0.01159 

1.051 

WSm 


0.2499 

0,01570 

0.746 

0.00481 

0.01089 

1.118 

Kii 


0.4927 

0.01463 

0.733 

0.00490 

0.00973 

1.262 

0.198 


0.7326 

0,01363 

0.745 

0.00482 

0.00881 

1.383 

0.192 


0.9714 

0.01270 

0.767 

0.00468 

0.00802 

1.519 

0.187 


0.02002 

0.01622 

0.867 

0.00414 

0.01208 

1,008 

0.173 


0.02603 

0,01626 

0.868 

0.00418 

0,01208 

1.008 

0.138 


0.03331 

0,01631 

0.846 

0.00425 

0.01206 

1.010 

0.130 


0.06000 

0,01631 

0.827 

0.00434 

0.01197 

1.018 

0.156 

KC1« - 

0.1000 

0,01634 

0,784 

0.00458 

0.01176 

1.036 

0.154 


0.2492 : 

0.01608 

0.732 

0.00^1 

0.01117 

1.090 

0.150 


0.4915 

0,01474 

0.717 

0.00600 

0.00974 

1.251 

0.198 


0.7^ 

0,01470 

0.716 

0.00601 

0.00969 

1.267 

0.133 


1.004 

0.01399 

0.724 

0.00496 

0.00903 

1.348 

0.129 


0.02003 

0.01630 

0.867 

0.00414 

0.01216 

1.002 

0,043 


0.02604 

0.01635 

0,858 

0.00418 

0.01217 

1.000 

0.000 


0.03^ 


0.846 

0.00424 

0,01219 

0.999 



0.05000 

0.01654 

0.827 

0.00434 

0.01220 

0.998 


KNOgW 

0.1004 


0,784 

0.00458 

0.01216 

1.002 



0.2629 


0.728 

0.00493 

0.01217 

1.000 

0.000 


0.6062 

0.01740 

0.717 

0.00601 

0.01239 

0.983 



0.7628 


0.716 

0.00601 

0.01254 

0.971 


- 

1.004 


0.724 

0.00495 

0.01271 

0.958 

-0.018 


g^ves the added salt, the second the ionic strength of the added 
salt, the third the activity coefficient of the undissociated acid 
and the last the quotient of this quantity by the ionic strength ju. 













ACTiviarr coefficient of weak electrolytes 299 


The results axe plotted in the usual manner in figure 5. The 
solid curv^ are for Sugden’s measurements at 25“ and the dotted 

TABLE 4 

Actmty coefficient of undiasodated molecules of ortho-nitrobensoie add in salt 

solutions at 


»= 6.12 X 10-*, solubility in water = 0.04416, m+ y* = 0.01334, 
0.02908 


SALT 

m 

m 

Tib 



T« 

logTu 

/»(8alt) 


0.02005 

0.04453 

0.849 


0.02882 


0.194 


0.02602 

0.04466 

0.842 






0.03336 


0.832 




KSmI 


0.06003 

0.04482 

0.816 


HRS’!! 

1.021 

0.180 

NaClii 

0.1002 

0.04493 

0.781 


0.02785 

1.044 



0.2513 

0.04396 

0.746 



1.115 



0.4967 


0.733 


0.02335 

1.245 

0.192 


0.7518 


0.747 



1.359 

0.177 


0.9989 


0.770 


0.01906 

1.527 

0.184 


0.02001 

0.04485 

0.849 


0.02914 


-0.046 


0.02510 

0.04605 

0.842 


0.02921 


-0.078 

NaNO,* • 

0.03338 

0.04629 

0.832 


0.02926 


-0.085 

0,06015 

0.04560 

0.812 


0.02925 


-0.054 


0.09986 

0.04610 

0.781 



1.002 

0.009 


0.2509 

0.04676 

0.746 


0.02888 

1.007 

0.012 


0.03726 

0.04544 

0.820 


0.02917 

0.997 

-0.036 


0.07317 

0.04564 

0.783 



1.017 

0.100 

BaCflj* 

0.1499 


0.760 

0.017791 

0.02807 

1.036 

0.103 

0.2963 


0.719 


0.02722 

1.068 

0.096 


0.5040 


0.694 

HR® 

0.02611 

1.158 

0.126 


0.7383 



DK 

0.02382 

1.221 

0.118 


0.03432 


0.825 


0.02938 

0.990 

-0.140 


0.08943 


0.770 

HR® 


1.001 

0.005 

Ba(NO,)i^ 1 

0.1494 


0.750 

HR® 

0.02889 

1.007 

0.05^ 

0,2973 


0.719 


0.(^2 

1.006 

0.009 


0.5109 


0.696 

0.01917 

0.02921 

0.996 

-0.004 

. 

0.7188 


0.681 

0.01959 


1.006 

0.004 


curv^ for McBain and Kam’s measurements at 100“. The 
eurv^ axe in general in agreement with those of liie non-electro- 
lytes and weak acids previously studied. The saltirg-out effect 


















TABLE 5 


Activity coeSicient of acetic add in aqueous salt solutions 


SAur 



log Yu 

ft AT/P 

HI 


log 7u 


Ac(Balt) 


H 

niaalt) 



fm 

0.014 



M 

0.079 



1.041 

0.018 


0.4740 

Hi 

0.059 

MgS04,« 26® 1 


1.094 

0.020 

KOI,* 100® 

0.7164 

1.101 

0.058 



1.229 

0,022 

0.9498 

1.144 

0.061 



1.680 

0.025 


1.212 

1.165 

0.065 






2.072 

Wmm\ 

0.045 



wmm\ 

0.073 







1.046 

0.078 


0.1004 

1.003 


lid,** 25® 1 


1.046 

0.039 


0.2526 

1.008 

0.014 


Emm 


KBr.w 26® ] 

HI 

1.016 



1.660 

1.326 

0.079 



1.035 

0.014 






2.164 

1.071 

0.014 

■ 


1.013 

0.066 







WLmm\ 

0.065 

f 

0.3768 

1.004 

0.005 

NaCl,« 25® 


1.076 

0.062 

KSOi,^ 25® { 


1.017 

0.010 

QRm 

1.162 

0.064 

1 

1.632 

1.068 

0.016 

>■ 

B 

1.348 

0.063 


0.1256 

0.994 

-O.C^l 




0.079 

KNO,,i» 25® 

0.2525 

0.988 

-0.021 




0.101 

0.5105 


-0.021 




0.084 




-0.018 

NaCl,» 100® 

B 

K 

Mi 



M 

0.004 


HfilSl 

1.199 

0.074 

KSON,* 100® ■ 

0.6768 

W^^ 

0.024 


1.415 

1.286 

0.077 


W^^ 

0.001 



1.479 

0.071 


yuj 

WjM 

0.010 




-0.038 


HR 


0.021 


0.1053 


-0.007 


fiMfSw 




0.3312 


-0.011 


0.1480 


0.024 

Na^04,» 100® < 

0.5286 




0.1480 


0.026 

0.927G 


0.011 


0.2110 


0.018 


1.688 

1.076 

0.019 


VSEm 


0.020 


2.161 

1.133 

0.026 


0.2670 


0.056 


H 

1.168 

0,028 

Sugar,* 100® 

0.2670 

0.3637 

11 

Mi! 




0.016 


0.3637 

jR ^ 

0.021 

NaC^sO*,* 100®^ 





0.5685 

9R M 

0.029 

1.043 


-0,014 


0.5685 


0.026 




-0.014 


1.274 


0.034 


imiii 




1.274 

1.108 

0.035 




0.026 



1.349 

0.042 




0,026 



1.363 

0.043 

Ka,“ 25® 

MBijS 


0.027 






1.031 

WEB?! 

0.026 






2.124 

1.145 

0.028 
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appears to be lower at the lower temperatures, while in. the pre- 
vious cases studied the effect was low«r at higher temperatures. 
The result is inconclusive, however, as the measurements at the 
two temperature were by different authors by d.ifferent methods. 
The result by McBain and Kam (3) using sodium sulfate, is not in 
agreemmt with previous results. Sugden’s (12) results show no 
abnormal effect with sulfates, such as is foimd with stronger acids,, 
which will be discussed later. 


i 

4. aos| 
'ST 


UfiO* 




■ ^NO, 

Acetic Add 


Iteot Ionic Strongih, of CkAt) 

Fig. 6. Activity Coeykcient op Undissociatbd Acetic Acn> 


DISTEUBITTION' OF MONOCHLOEO- AND DICHLOBOACBTIC ACIDS 
BETWEEN NOBMAIi DI-Bimii ETHEB AND AQTJEODS SALT 

SOLUTIONS 

We will now consider experimentally the activity coefficient 
of two moderately stroB^ acids. The distribution ratio was 
used to study the activity coefficient of the undissociated part of 
monochloro- and dichloroacetic adds. The former is weak^ 
than o-nitrobenzoic acid, the strou^t acid used in the previous 
studies, but the latter is much stronger. Thus, measurenmnts 
with these acids, by an accurate method, make possible a more 
severe test of our assumptions of the mechanism of the dissocia- 
tion of weak acids than has heretofore been posdble. 

Normal di-butyl ether was foimd to be the reference solvent 
best suited to our purpose. 
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FBEFABATION OP ^TEBIALS 


Normal di-butyl ether obtained from the Eastman Kodak 
Company was treated successively with dilute sulfuric acid, 
sodium carbonate, and metallic sodium and then subjected to a 
series of fractional distillations. The fraction which distilled 
between 141.5 and 142.8° was used. 

The monochloroacetic acid was a student preparation. Its 
melting point was 63°, and the equivalent wei^t corre^onded to 
the formula. 

The dichloroacetic acid was obtained from the Eastman Kodak 
Company. Considerable difficulty was experienced ia the final 
purification. After some ten fractional crj^stallizations its melt- 
ing point was 12.5°, and the equivalent wei^t was 0.7 per cent 
too low. A Carius halogen determination indicated that the 
impurity was probably.monochloroacetic acid, no inorganic aeld 
being present. Fractional distillation failed to improve the add 
but an extended series of fractional crystallizations gave 200 cc. 
of acid of M.P. 13.00° and an equivalent wei^t 0.2 per cent low, 
which was used in the experiments. 


CAliCniiATION OP THE ACTIVITY COBPPICXENT OP THE TTNDISSOCIATBD^ 
FABT OP A WEAK ACID PBOM DISTBIBTJTION EXFEBIMENTS 


X 


From distribution data the calculation of the activity coefficient 
of the undissociated molecules is sli^tly more involved than in 
the ease of solubility determinations in which the activity of the 
solid phi^ is (K>nstant. We assume that at a given mol frac- 
tion,^ N, in the non-aqueous layer, the activity is fixed. Then 
is fixed and as m+ = m- we have m+ 7 * also fixed. Cal- 
culating m+ 7 * and for various total molalities of the weak 
acid in pure aqueous solutions, we plot them against the valu^ 


1 The stoichiometric mol fraction of the acid will be designated as n in the 
non-aqueous layer, the molality of the hydrogen ion as of the acid ion as 
and of the undissociated acid as mu in the presence of salt and in pure 
acid solutions of total stiochiometric molality, m. The activity coefficient of 
the undissociated part will be called and other symbols have the same meaning 

as those used by Lewis and Randall (Thermodynamics and the Free Energy of 
Chemical Substances, McGraw-Hill Book Co., New York, 1923). 
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of N found to be iii equilibrium with solutions of these strengths. 
In the presence of salts we then determine total acid molality, 
m, in the aqueous layer, and the mol fraction of acid in 
the non-aqueous layer. 

We may assume that the mean activity coefficient of the dis- 
sociated part of the acid is the same as that of hydrochloric acid 
at the same ionic strength. This a^umption is not fully justified, 
for undoubtedly a part of the abnormality of the activity coeffi- 
cient of hydrochloric acid arises from the “hydration” of the 
ions. But in moderately concentrated solutions all strong acids 
behave more or less like hydrochloric acid. The activity coeffi- 
cient® of sodium and potassium acetates were shown by ll^ndall, 
McBain and White (6) to approxunate closely or even exceed 
those of the corresponding chlorides. The effect of an error in 
this assumption is greater in the case of dichloroacetic acid, since 
the proportion of the ions is greater. 

Reading m+y^ from tlie plot of m+y^ vs. n, and dividing by 
■y* of hydrochloric acid we obtain m+. The molality of the 
imdissociated molecules is = m — m+. From the plot of 
m„° against n we then obtain m»°, the molality of undissociated 
molecules in equilibrium with the given value of k in pure aqueous 
solutions, whence 


Yu = (2) 

The method of calculation here used makes no assumption of 
a constant proportionality of the activity of the acid to its mol 
fraction in the butyl ether phase. The only assumption made is 
that a given mol fraction in the eth^ phase represents the same 
activity of the acid in either pure water or a salt solution, which 
k in equilibrium. 

THE piSTEIBTITION OF MONOCaECLOBO- AND DI(3HIOBO-ACETIC ACIDS 
BETWEEN NOEMAL DI-BtJTTli ETHEB AND WATEB AT 25 ® 

Our assumption that the activity is determined by the mol 
fraction n in the non-aqueous layer involves the assun^tion that 
neither water nor salts enter the butyl ether phase, so as to change 
the activity of the add. The absence of salts was in aU cases 
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proved by Afi-tna tests and tests for the anions. The solubility 
of dibutyl ether in pure water or in water containing the acids in 
the concentrations used in the experiments was in aU cases less 
than 0.1 per cent. 

The solubility of water in an ether solution in equilibrium with 
M monochloro-acetic acid is 0.26 per cent. The solubility of 

TABin 6 


Distribution of monochloroacetic add between water and normal 
di-butyl ether at ^6^ 



m 

N 

25* 

m 

N 

0.994 

0.07867 

0.003688 

0.996 


0.006808 

0.995 

0.08840 

0.004167 

0.999 

0.2152 

0.01057 

0.995 

0.08924 

0.004146 



, 0.01083- 

0.995 

0.08979 

0.004211 

1.009 


0.02680 ^ 

0.995 

0.09970 

0.004724 


0.5483 

0.02689 

0.995 

0.1025 

0.004896 


0.5502 

0.02729 

0.995 

0.1030 

0.004899 


0.5590 

0.02771 

0.995 

0.1062 

0.005056 

1.023 

1.047 

0.05080 

0.99a 

0.1356 

0.006542 

1.025 

i.oer 

0.06165 

0.997 

0.1373 

0.006626 

1.025* 

1.096 

0.05292 


TABLE 7 

Distributiion of dichloroaeetic add between water and normal di-butyl ether at 


Df 

m 

N 


m 

N 

0.994 

0.04222 

0.007865 

1.000 

■SB 

0.04129 

0.994 

0.04263 

0.007946 



0.04861 

0.997 

0.07682 

0.01862 


■^9 

0.05033 

0.997 

0.08928 

0.02283 



0.06574 

0.998 
0.999 ! 

0.1068 

0.1225 

0.02885 

0.03471 


H 

0.07182 


water in dibutyl ether containing dichloroaeetic acid of about 
the concoitration with which we worked is less than 0.3 per cent. 
The mol fraction of anhydrous monochloroacetic acid in dry 
normal di-butyl ether at 0° was 0.270, and with 0.25 per cent 
water present in the ether the mol fraction (neglecting the water 
in the ether pha^) was 0.276. These values are identical within 
the limits of error of these crude experiments. 
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Some of the equilibria were obtained by agitating the layers 
gently by hand, the greater part were mechanically rotated, and 
gave the same result. Samples were driven by air pressure 
throu^ glass tubes, containing a plug of cotton wool into the 
weighing bottles. The first 30 cc. were rejected in all cas^. The 
distribution e^eriments with pure acid were repeated at i&e end 
of the series. From the fact that the distribution ratios were 

table 8 


Dissociation constant of monochloroacetic add^* at 
■Sl2«8*i — 0.00139 


c 

A 

A/A- 


oc 

co!*/(l— a) 


oSsv.ya-o) 


265.6 

0.688 

384.6 

0.6906 


0.943 

0.00142 


219.1 

0.569 

383.7 

0.5710 


0.928 

0.00138 


174.8 

0.453 

382.5 

0.4566 


0.910 

0.00136 


136.1 


381.2 



0.891 

0.00138 

0.01563 

103.2 


379.6 

0.2719 


0.871 

0.00138 


77.2 

WEm 

377.6 

0.2044 


0.847 

0.00139 

0.0625 

56.6 

m 

375.2 



0.821 

0.00138 


TABIS9 

Dissociation constant of dicMoroacetic add^^ at 


c 

Ac 

A/A“ 


a 

ca»/(l-od 

7i* 

o^KTkVCl-a} 

0 

0.003906 

385.6 

359.2 

0.932 

376.7 

0.9535 

0.07638 

0.876 

0.06691 

0.007813 

338.7 

0.887 

374.2 

0.9051 

0.06744 


0.05651 

0.01563 

309.7 

0.^3 

371,1 

0.8346 

0.06581 

0.795 

0.05232 

0.03125 

273.1 

0.708 

367.3 

0.7435 

0.06735 

0.749 

0.05045 

0.06250 

231.6 

0.601 

362.9 

0.6382 

0.07359 

0.706 

0.05195 

0.1250 

190.2 

•0.493 

358.3 

0.5309 

0.07511 

0.662 

0.04972 


unchanged we may conclude that the butyl ether had not been 
altered. 

The results of the distribution measurnnents with the pure 
adds £ffe given in tables 6 and 7. Ihe first colunon gives the 
density of the aqueous phase, the second the molality (mols per 
1000 grams in vac.) and the third the mol fraction of the acid in 
the normal di-butyl ethn^ phase. 
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DISSOCIATION CONSTANT AND CONCENTBATION OF THE 
DNDISSOCIATBD PART OF THE ACIDS 

Before presenting the results of tb.e distribution measurements 
in aqueous salt solutions we will explain the calculation of tbe 
dissociation constants of tiie acids from conductivity data, and 
the method of obtaining the molality of the undissociated part of 
the acids. The calculations of the dissociation constants by the 
method proposed by Sherrill and Noyes (9) are given in table 8 
(Ostwald (13)) table 9, (Kendall (14)), and table 10 (Schreiner (15)). 
The first colimuw ©ve the concentration (mols per liter), and the 
second the equivalent conductance. A, in reciprocal international 


TABLE to 

Diasociation constant of dichloroacetic add^^ at 18 ** 
“ 0 . 0683 j 2 ^ 298.1 ^ 0.0553 


0 

A 

A/ A* 


oe 



eo ^* 7 iV ( l ~ e 6 

0.0 

0.001 

344.8 

336.7 

0.977 

342.0 

0.9845 

0.06253 

0.931 

0.0582 

0.002 

332.5 

0.965 

341.0 

0.9751 

0.07637 

0.906 

0.0692 

0.005 

316.0 

0.917 

338.9 

0.9324 

0.06430 

0.864 

0.0556 

0.01 

298.3 

0.866 

336.7 


0.06886 

0.823 

0.0567 

0.02 

274,8 

0.797 

333.8 

0.8162 

0.07249 

0.778 

0.0564 

0.05 

231.6 

0.672 

329.0 



0.715 

0.0601 

0.1 

195.2 

0.566 

324.6 


0.09074 

0.671 

0.0609 

0.2 

157,6 

0,457 

320.3 



0.632 

0.0602 


ohms. The third columns ^ve A/A° the approximate degree of 
dissociati<m. From the first and third columns we obtain tiie 
ionic strei^th of the solution. The fourth column headed + 
gives the sum of the conductances of the positive and nega- 
tive ions in a solution of the ionic streogth equal to the one being 
measured. The quotient of the corr^ponding figure of the 
second column by this quantity gives the true degree of dissocia- 
tion a (column five). The stoichiometric dissociation constant 
(eolmnn six), is equal to a!*c/(l— a), and to obtain the thermo- 
dynamic or true dissociation constant (column eight) we multiply 
by the square of the activity coefficient of hydrochloric acid (16) 
(column seven) in a solution of the same ionic strength. 
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Schieiner (15) obtaiaed Kin = 0.0583 for dichloroacetic acid, 
which with the heat of dissociation given by Stemwehr (17) 
gives ^898 =, 0.0553 which is in good agreement with the less con- 
cordant measurements of Kendall (14)'. We shall use ihie value 
calculated from Steinwehr’s measurement. 

To obtain the total molality of each acid in equilibrium with 
various concentrations of its ions we have calculated tables 11 and 

TABIE 11 

Caieulaiion of undissociated part of monocMoroacetic acid in equilibrium with 
variotLs concentrations of ions 
* 0.00139 


in+ 


(»»+7±)* 


m 

N 

w+T* 

mM 

0.903 

0.00008154 

0.05866 

0.06866 

0.00320 

0.00903 


0.893 

0.0001245 

0.08957 

0.1021 

0.00486 

0.01116 

0.0150 

0.886 

0.0001766 

0.1271 


0.00684 

0.01329 

0.0175 

0.879 

0.0002365 

0.1701 

ISiB 

0.00912 

0.01538 

0.0200 

0.873 

0.0003049 

0.2194 

Iffil 

0.01174 

0.01746 


TABIJB12 


Calculation of undissociated part of dichloroacetic acid in equilibrium with various 
concentrations of its ions 
• STsts-t ™ 0.0553 


1 

7db 



m 

K 


0.04 

0.840 

0.001129 

0.02042 

0.06042 

0.0134 

0.03360 

0.05 

0 . 828 . 

0.001714 

0.03099 

0.08099 

0.0200 

0.04140 

0.06 

0.819 

0.002415 

0.04367 


0.0278 

0.04914 

0.07 

0.811 

0.003223 

0.05828 

0.1283 

0.0368 

0.05677 

0 .(^ 

0.804 

0.004137 

0.07481 

0.1548 

0.0466 

0 . 064 ^ 

0.09 

0.799 

0.005170 

0.09350 

0.1835 

i 0.0574 

0.07190 

0.10 

0.795 

0.006320 

0.1143 

0.2143 

1 0.0691 

0.0795 


12. The first column gives llxe molality of hydrogen ion, which 
is equal to the molality of acid ion, in the solution which we are 
considering. The second column gives the a,otivity coefficient 
in a solution of this ionic strength. The third column gives 
w+m-Y+y- = Ifividmg by the dissociation constant 

we obtain the activity of the undissociated mol^ules. 

We have found the salting out effect of acids upon non-elec- 
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trolytes to be very small. As the effect of salts on non-electro- 
lytes and weak acids was about the same, we, therefore, neglected 
the salting out effect of the ions of the acid itself upon the activity 
coefl&cieDt of the undissociated part. Any error in this assump- 
tion will be partially cancelled out because the mean molality of 
the acid aad hydrogen ions is apprommately constant. Therefore, 
if we take the activity coeflacient of the undissodated molecules 
in pure solutions of the acids as equal to imity, we set m+jn_ 
7**/!^ = (fourth colunm)^ The total molality which is the 
sum of undissociated and dissociated molecules is given in the 
column headed m. The column N shows the mol fraction of acid 
in butyl ether foimd to be in equilibrium with a pure aqueous 
solution of add of the given molality, m. The column of w+ 7 * 
is also given. Plots are then made of w+,7* against n, and of 
wib® against n. 

THE DISTRIBUTION OP MONOCELORO- AND DICHLOROACETIC ACIDS 
BETWEEN AQUEOUS SAl/T SOLUTIONS AND NORMAL DI- 
BUTYL ETHER AT 25® 

The results of the distribution measurements with the acids 
in aqueous solutions without a common chloroacetate ion are 
j^ven in tables 13 and 15. The first columns give the densities, 
tile second the ionic strdigtbs of the salts, the third the molalities 
of the acids and the fourth their mol fractions in the butyl ether. 
Tte fifth columns, -y*, are tiie activity coefficients of hydrochloric 
add in a mixture of hydrochloric add and barium chloride of the 
ionic strength in the second columns and the same fraction of 
add as determined by Randall and Breckenridge ( 8 ), or the 
activity coefficient of hydrochloric acid in a mixture with sodium 
or potassium chloride as determined by Earned and Akerffif (18) 
recalculated to give 0.795 at 0.1 M. The activity coefficient in 
mixtures with potassium bromide, potassium nitrate, sodium 
monochloroacetate and sodium dichloroacetate was arbitarily 
amuned to be the same as that with the chlorides. The mol 
fraction in the ether phase fixes the activity and there- 

fore rince = m_ we know (columns six). Reading 
j»+ 7 - from the plot of m+7* a^inst n and dividii^ by the value 
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TABLE 13 


Monochloroaceiic add in aqueous salt solutions at 


" i’ 

. 

HBAUr 

m 

N 

7* 


ro+ 




logY,* 
jEi (salt) 

In sodium chloride solutions 

0.999 

0.100 




ffifRf 

WR 

M 


1.022 

0.094 

1.003 

0.200 

0.1017 

0.004915 

0.755 


SBR 



1.044 

0.094 

1.015 

0.500 

gijumo 

0.004977 

0.733 

W' ^ 

SBS 

0.0826 


1.114 

0.094 

1.033 

1.000 

0.0954 

0.005338 

0.770 


SBiB? 

[m}:m 

lSBSB? 

1.^ 

0.089 

1.070 

2.000 


0.006956 

0.896 

SB' 

0.0149 

0.0869 

0.1288 

1.482 

0.085 

1.102 

3.000 


0.007271 

1.094 

3B 




1.746 

0.081 


In barium chloride solutions 


1.008 

0.200 

0.1084 

0.005177 

0.740 

0.01154 

0.0166 

0.0928 

0.0955 

1.029 

0.062 

1.025 

0.497 

0.0991 

0.004829 

0.705 

0.01115 

0.0158 

0.0833 

0.0893 

1.072 

0.061 

1.054 

0.988 

0.1013 

0.005230 

0.690 

0.01154 

0.0167 

0.0846 

0.0965 

1.141 

0.059 


1.950 

0.0995 

0.005093 

0.720 

0.01210 

0.0168 

0.0827 

0.1053 

1.275 

0.054 


In potassium chloride solutions 


1.018 

0.500 


1 


1 

Mg 


0.0931 



1.018 

0.500 






B 

0.0866 



1.039 

1.000 

0.0993 

I 

0.7^ 

• ilffl 


B ^Sj 




1.039 

1.000 


Kii 


SSm 


3H 

3B 




In potassium bromide solutions 

1.036 

1.075 

B 

0.1008 

0.103^ 


o o 

0.01094; 

0,01115 

0.0163 

0.0154 

0.0855 

0.0882 

B 

m 

0.009 

0.005 

In potassium nitrate solutions 




ia 

m 

0.01079 

0.01079 

m 

B 



\%n 

0 0 

1 1 


TABLE 14 

MonocAloroacetic acid in sodium monochlaroacetate solutions at 


e; 

1 




h 

tHI 

1 

§ 

X 

i 

1 

V 

j? 

^’1 
& » 

1.009 

1,028 

1.057 

H 


■ 


1.725 

1.210 

1.290 

I 

B 




-0.006 

-0.017 

-0.025 
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of 7* given in the table we obtain m + (columns seven) , the molality 
of hydrogen ion. We subtract m + from the total molality m and 
obtain m«, the molality of imdissoeiated acid. (Columns d^t). 
But from our vs. n plot we find that a pure aqueous solution 


TABLE 15 

Dickloroacetic add in aqueous salt solutions at 




m 


7a 

m+YA 

m+ 



7tt 

iog7« 

M (salt) 

In sodium chloride solutions 

1.005 




0.758 

M 



SB 

IB 

WM 

1.009 





l3B!i%] 

0.0930 

3^^ 



mBi 

1.020 




0.736 

0.0698 

mm 

3^^ 

3^w 

1.263 

mB 

1.038 

1.000 

Q9 

3B 





3B 

1.543 



In barium chloride solutions 



TABLE 16 

Dichloroacetic acid in potassium dicMoroactiate solvJtions cd 
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pure solution, of the acid is equal to unity we have 7 « = 

Columns 10 give the activity coefficient of undissociated acid 
molecules, 7 ». Columns 11 ^ve the logarithm, of the activity 
coefficient of imdissociated acid molecules divided by the ionic 
strength of the salt solution. 

Tables 14 and 16 present measurements made in the presence 
of a common anion. The calculation is very similar. We ob- 



Square Bool oT fosjc Strength, (e^Salt) 


Fig. 6. Activitt Coefficient of TJndissociatbo Monochloboacbtic Acid 




LJ^hQ 








BaC32 




U 












9 KeCHQ 

Icoo) 

*T i 

Dktkma 

eedcAdd 

1 

o 


[Z1 


Square Koot oT loaie Strength. 


Pig. 7, Activitt Coefticibiit of Undisbociated Dichix)Boacetio Acid 


serve m and n. From the plot against n we obtain m+y* in pure 
acid solution in equilibrimn with a butyl ether phase of the 
same mol fraction. Squaring this, one obtains (m+y*)* in puSre 
solution and this equals m+m_y*® in any solution of the same 
activity with or without a common ion. We have given the 
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molality of acid anion added as the salt. By successive approxi- 
mations we find and m_ such that m_ (total) — m_ (added 
anion) = m+ and (total) . w+ 7 ** *= w+m_ 7 *® obtained 
above. Thenm« = m —wi+ and again yu 

Ihe results are plotted in figures 6 and 7 in which the ordinate 
is the quotient of the logarithm of the activity codficient of the 
undissociated molecules by the ionic strength of the salt. For 
convenience the square root of the ionic strength of the added salt 
rather than of the solution was used as the abscissae of the plots. 

DISCUSSION OF TOE ACTCVITT COEFFICIENT OF TOE UNDISSOCIATED 
PART OF MONOCHIiORO- AND DICHLOROACETIC ACIDS 

The plots of figures 6 and 7 show a strilring similarity to similar 
plots of the gases, non-electrolytes and weak adds studied in 
the previous papers. The magnitude of the salting out effect is 
small with acetic acid, is slightly larger with mohoddoro- and 
largest with dichloroacetic acid. 

The curves are nearly horizontal, and therdore give additional 
evidence as the validity of the prediction made in the earlier 
paper that the quotient of the logarithm of the activity coefficient 
of a non-electrol 3 de or of the xmdissociated part of a weak acid by 
the ionic strength of the added salt is approximately a constant. 
However, we must remember that certain a^umptions regarding 
the ions were made, namely, that the activity coejBficient of the 
dissociated ions was the same as that of hydrochloric acid at the 
same ionic strength, and second, that the salting out effect of the 
di^ociated part of the ^id itself was negligible. The dissociated 
part of the acid contributes from 0.4 to 12 per cent in the case of 
monochloro- and from 5 to 40 per cent in the case of the dichlo- 
roaeetic acid. The salting out effect of the common chloroaee- 
tate ion is n^ative, for the effect of sodium and potassium ions 
is predominately positive. We have not, however, attempted 
to make a correction for this effect. 

We have also neglected the activity coefficient of the imdisso- 
ciated part of the acid in the pure aqueous solutions. In the 
ease of acetic acid it is small, but its magnitude in the substituted 
adds is unknown. 



ACTIVITY COEYSTCIENT OF WEAK ELECTBOLTTES 313 


THE ACTIVITT OF WEAK ACIDS IN AQUEOUS SULFATE SOLUTIONS 

When, sulfates are added to solutions of weak acids, there is a 
distribution of the hydrogen ion constituent between the weak acid 
ion and the hydrosulfate ion. We have as yet insufiicient data 
to fully consider such cases. We show in figure 8 the ratio of 
the molality of several acids in pure water, to the molality in a 
sulfate solution in which its activity has the same value (19) . 



Fig. 8. ''Actititt Coefficient'' at Constant Activity of Weak Acids in 
Aqueous Sulfate Solutions at 25®C. 

OBNBEAL DISCirSSION 

The results of this and the preceding papers are summarized 
in table 17. In this table we have assembled the data under 
the head of the added salt, which is given in the first column. 
The second column gives the ncmnslectrolyte or weak acid, and 
the third the average value of the quotient of the logarithm of the 
activity coefl5cient by the ionic strmigth of the added salt. 

In ftiTft.'mi'ning the table we find that the salting-out effect of 
the salts is about the same upon the undissociated part of the 
weak acids as upon gases and non-electrolytes. The effect is 
small for acetic, somewhat larger for monochloroacetic, and larg- 
est for dichloroacetic acid. As was pointed out in the article 
dealing with gases, if the relation of Debye and McAulay is true 
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Summary of 


H,S04 


ZnS04 

Zii(NO,)2 

Chi(NO,), 

MnS04 

reS04 

FeOls 

Fes(S04)8 

C 0 SO 4 

NiS04 

Cr;(S04)4 


TABLE 17 

all calcv^atioTis on activity coefficients of 
acids and non-electrolytes 


36 
20 
16 
0.009 
0.014 
-0.036 


undissociated ^ 



0.023 

0.007 

-0.014 

- 0.022 

-0.025 


ADDBD SAXi'E 

BT7BBTAN0B 

Aid, 1 

H, 

Oja, 

b 

ai,(S04), I 

N, 0 

O, H, 

Al(NO,). 1 

N,0 

C,H, 

MgCU 

CsHa 

f 

MgS04 ^ 

H, 

N,0 

cja. 

b 

Mg(NO,), 1 

NJ3 

CJH, 

CaCla 

Ha 

NaO 

CaHa 

Ca(NO,), 1 

N,0 

CaHa 


Na 

NaO 

COs 

CaHa 

RaOla \ 

h 

c 

d 


e 

ClAc 

ClaAc 

Ba(NO,)2 

c 

d 



- LiOH 

NHs 
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TABLE t7-~Continned 


ADDBD BAIff 

STTBSTjUTOB 

log 7 

AJDDBD SAI/C 

STlBBTAirGE 

log 7 


H. 

0.066 


N,0 

0.110 

LiCl 

NaO 

0.084 


EiS 

0.180 

NH, 

-0.020 

NaaSO, 


0.100 


Ac 

0.076 


I, 

0.107 





b 

0.130 

LiBr 

NHa 

-0.035 


H> 

0.082 

lil 

NH, 

-0.062 


NaO 

0.072 





H.S 

0.034 

LiNO, 

h 

-0.012 


CaHa 

0.060 

f 

0, 

0.188 

NaNO, 

i> 

a 

0.045 

-0.130 

NaOH \ 

H* 

0.140 


h 

0.020 

1 

NH, 

0.090 


c 

0.064 





d 

0.089 


0, 

0.133 


f 

-0.078 


H, 

0.094 





N, 

0.200 

NaHaP 04 

It 

0.140 


NjO 

0.100 





H,S 

0.060 

NaAc 

Ac 

-0.014 


NH, 

0.027 





C,H, 

0.093 

NaClAc 

ClAc 

-0.016 

NaCl 

a 

h 

0,089 

0.013 


0, 

0.176 


c 

0.191 

KOH 

Ha 

0,120 


d 

0.232 

NaO 

0.130 


e 

0.180 


NH, 

0.120 


f 

0.196 





Ac 

0.066 

/ 

Ha 

0.080 


ClAc 1 

0.088 


NaO 

0.081 


OlaAc 

0.204 


COa 

0.063 




■ 

HaS 

0.064 

NaOlO, 

h 

0.033 


NH, 

0.036 




KOI 

CaHa 

0.064 

NaClOi 

h 

-0.020 

a 

0.034 






0.120 


NaO 

0.090 



0.162 

NaBr 

HaS 

0.016 


} \ 

0.140 

NH, 

-o!oi4 


Ac 

0.033 


CaHa 

0.080 


ClAc 

0.026 

Nal 1 

NH, 

5 

i§ 

0 o 

o o 

1 1 

KCIO. 1 

NH, 

b 

0.064 

0.020 
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TABLE 17-Conrfwded 


AODID 8A1/C 

SUBSTANCB 

pBBjjB 

▲DDBB BAIA 

BXrBSTANOB 

logY 

' 

N2O 

0.068 

KOliAo 

ClaAo 

- 0.150 


OOi 

0.060 





HiS 

0.006 

EBON 

Ac 

0.010 

EBr 

NH, 

c& 

0.062 

0.060 

RbCl 1 

NaO 

0.076 


b 

0.066 

COa 



Ac 

0.014 



mm 


ClAc 

0.008 

EbNO, 

b 


KBrOi 

NH. 

N2O 

0.043 

0.015 

CbOI I 

N »0 

C! 0 , 

■ 

KI 

CO2 

HjS 

0,039 

- 0.012 

CbNO, 

h 

B 


NH, 

- 0.010 





h 

- 0.060 

[ 

N ,0 

0.030 

EIO, 

NH, 

0.023 

NH4CI 1 

CO, 

HiS 

0.020 

0.001 




i 

cja , 

0.023 

EIO4 

N2O 

0.065 

f 

NaO 

0.024 


0, 

0.104 

NH4Rr { 

HaS 

- 0.018 

K,SO« 

H,S 

NH» 

0.130 

0.065 

\ 

CaH, 

0.012 


C,H, 

0.082 

(NH 4 ),S 04 

CaH, 

0.045 


b 

0.120 


Ha 

0.010 


' H, 

0.062 

NH4NO, 

NaO 

0.008 


N ,0 

0.047 

HaS 

0.021 


CO, 

0.031 


b 

- 0.070 


H,S 

0,018 





NH, 

0,033 


Ha 

0.000 


C,H2 

0.030 

g 

NaO 

- 0.017 

KNO, 

a 

- 0.160 


COa 

0.022 


b 

0.000 





c 

0.025 

\ 

Ha 

0.050 


f 

- 0.006 

Sugar <{ 

COa 

- 0,010 


Ac 

- 0.020 

1 

Ac 

0,026 


ClAc 

- 0.043 





CIjAc 

0.010 


Na 

0.000 




Urea 

NaO 

- 0.004 

EiCOi 

Ha 

0.090 


HaS 

- 0.027 


(a) o-nitrobenzaldeliyde; (fe) phenyltMourea; (c) benzoic acid; (d) o-toluylic 
acid; (c) o-nitFobexnsoic acid; (f) salicylic acid; (g) chloral hydrate; (Ac) acetic 
acid; (ClAc) monoehloroacetic acid; (ClsAc) dichloroacetic acid. 
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then the ratio of Gog 7 ) /m for one non-electrolyte to Gog 7 ) /m for 
another non-electrolyte within the group sho^d be the same as 
the ratio for the same non-electrolytes in another group. We 
note that this is qualitatively the rule for the weak acids as well 
as for non-electrolytes. 

It is difficult to interpret negative values of Gog 7 )/m* In 
general nitrates and organic anions give very small or negative 
values of Gog 7 )//* and the bromides and iodides in several cases 
are negative. The iodides have large ionic radii in the Debye 
and Hiickel sense, while the ionic radius of nitrates is thouj^t 
to be quite small (20). 

It must be remembered, however, that to some extent the 
values of the function which we are considering are dependent on 
the units chosen for expressing concentrations. For example if 
we were to use the ratio of the activity of the imdissociated sub- 
stance to its mol fraction, then the activity coefficient would have 
different values in moderately concentrated solutions. Further 
generalizations do not seem possible at the present time. 

in the case of the added sulfates the quantity m°/w defines 
a quantity which is analogous to the activity coefficient for solu- 
tions of the same activity. The quantity 7w°/7n is lowered by a 
larger amount the larger the dissociation constant of the acid. 
This is in agreement with an s^umption of a larger amount of 
hydrosulfate ion formed with the stronger acid. The ordioary 
salting-out effect, which is pronounced in the case of sulfate on 
non-electrolytes, is more noticeable with the weiJcer acids. 

GENERAL StTKIMABT 

The activity coefficient of gases, of solid non-electrolyte, and 
of the undissociated part of weak acids, has been considered as 
the measure of tiae deviation of the propertie of these substances 
from the laws of the perfect solution. 

The quotient of the logarithm of the activity coefficient of the 
gases and of the non-electrolytes by the quotient of the ionic 
8trei]^gth in aqi^ous salt solutions is approximately constant. 

This constant varies with the salt or the non-electrolyte being 
considered. 
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The value of this constant, which may be called the saltmg-out 
effect, may be used as the basis for arranging a salting-out series 
of the ions. In the series so arranged, the valence of the ion has 
little effect in determining the order. 

The distribution of monochloro- and dichloroacetic acid be- 
tween aqueous salt solutions and normal di-butyl ether has been 
determined. 

If the simple assumption that the dissociated part of weah: acids 
acts in the presence of added salts m the same way as the ions 
of hydrochloric acid, then the quotient of the logarithm of the 
activity coefficient of the imdissociated part by the ionic strength 
of the added salt is also approximately constant. The salting- 
out order of the ions is also the same as that for non-electrolytes. 

When suKates are added to solutions of weaJc acids, some hydro- 
sulfate ion is formed. The results of partition and solubility 
measurements in the presence of sulfates are qualitativdy ex- 
plained by this assumption and effects similar tq the above. 

A general summary of the effect of individual electrolytes on 
the several non-electrolytes is given. 
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ANTAGONISM OF RADIATIONS IN PHOTOCHEMICAL 
AND PHOTOGRAPHIC REACTIONS^ 

S. B. SHEPPARD 

The Kodak Research Laboratories, Eastman Kodak Company, Rochester, New York* 

In the course of testis^ certain cellulose nitrate products in 
the form of transparent sheets, a spontaneous formation of 
yellow color was observed. It was found that this coloration 
could be bleached out by exposure to sunlight, the time varying 
with the intensity of the color, the strength of the siinlight, and 
other factors, but being of the order of several hours. When it 
was attempted to accelerate the bleaching by exposure of the 
cellulose nitrate sheet to the light from a mercxrry lamp in quartz, 
it was found that not the bleachiog but on the contrary the 
yellow coloration was iutensided. In fact, the same coloration 
which required several months to produce in darkness or ordinary 
difftised light was now produced in one-half to one hour. 

On screenmg off the extreme ultra-violet rays with glass, it 
was found that the reaction was reversed, bleaching taking place 
in the near ultm-violet and in the blue-violet. The yellow and 
green rasrs from the mercury-lajnp were found to play little or no 
part, but the ultra-violet rays absorbed by c^ulose nitrate 
accelerated the coloration. The foUotving ^ctrum diagram 
shows roughly the distribution of the radiation antagonism 
(fig- !)• 

The yellow to deep orange coloration was traced to nitration 
of aromatic bodies, particularly of a phenolic character, present 
as impurities or intentionally in the sheet. By rempving 
accidentally present, and puttizg in pure phenol, a more definitely, 
controllable reaction was obtsdned, in which it oouM be ^own 

' Prasent^ si Ihe Sixty-seventh meeting of the American Chemical Society, 
Washington, D. C., Apiil, revi^ Mid ei^nded December, 1825. 

t Communication 822. , 
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iho.#. t.l>a ph^toGhemical decomposition of the cdffalose nitrate, 
I&erating N*04 and N*Oj, was followed by hitrati&ip of the 
phenol. Apparently both mono- and di-nitrophenols were 
f<»ined, and there was in addition some breakdown of the o^u- 
Ic^e reddue its 4 f, as wdQ as more complicated reaction of 
phmd, which was ^ acc^tor the nitlc^si pe^xi^. 

The near a|>sorbed by 







ti^.pseaido-ph action* of resins an#: 

>ete^i^^otid#ng substance is grea% inona^tij^. 
to li^t. The peroxide-forming reac6^'|sf: 

Gtaxk (in a very valuable revler of tl^ 
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photocheroically catalyzed. In order to increase the rate of this 
action, paper soaked with resin was exposed to ultra-violet light 
from a quartz mercury lamp,^ the formation of peroxide being 
followed by its effect upon a photographic plate. The plate was 
placed in darkness and left for twelve hours in contact with the 
material, then developed under standard conditions. It was 
found that when the peroxide forming capacity of the e;?posed 
material was small, increased exposure to the quartz ultra- 
violet produced first an increase of the pseudo-photographic 
action, then a decrease, or apparent reversal. (Cf. fig. 2.) 



Fio. 2. ErracT of UiiTba. Violiit Light on a Patbr XaPBHGNATBiD with 
Sodium Rhsinatb 

Clear. Increasing exposure, right to left 



eIfhot of tlXitBAWowT Light on a Patsh Imfkdignathd with 
Sgjwtm IUbinatH 

Wratten filters 30 + ^ littHeaaxQg ea^offare,;. right to left 

the uther hand, when iKters cutting out the ultra-violet 
were used, the plate showetS little or no sign of reversal for, the 
same range of exposure (fig. 8), . 

By usii^ ,l%ht filters, it was foimd that .the reversing action 
was eKnunated whien,<»^na^ ^ass, absorbing rays bdow 
wap placed b^ore.the matedal. It was establidied for 
ro®n the masamum peroxide product action was between 
4^ and'^b m/i, white jrays below reduc^ :^€ action. 

* Eun at 180 t at a distanoe of 25 
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This reversing action is due to the fact that the short ultra-violet 
rays deconapose hydrogen peroxide (3) so that as with the yellow- 
ing of celliiose nitrate, a radiation aniagonism was established 
between the longer and shorter ultra-violet rays. In this case, 
the an tagonism is due to the destructive action of another part 
of the spectrum upon the primary photochemical product. There 
is no reformation of the original reactant, so far as is known. It 
appeared from this that radiation antagonism is of much impor- 
tance in practical photochemistry, and invites some discussion 
and classification. A paper by G. Rabel (4) gives a number of 
interesting examples, but is chiefly concerned with a possible 
reldtioD between polar (antagonistic) actions of parts of the 
spectrum and luminescence stratification in electric discharge 
through rarefied gases. In the following the subject is discussed 
more particularly with reference to photochemical reactions, m 

The idea of antagonistic action of radiations of different fire- 
quencsH* is relatively old in photochemistry. It appears t4l|^e 
been first specifically formulated by Ritter {$) at the 'w^Bittng 
of the nineteenth century. It had been observe^|||^|i^ that 
Bonioni’s phosphor was made to shine more brlH^^ violet 
than by red rays, and that red rays thrown oR s^pp^hor pre- 
vioudy exrited by vioM rays weakened the luminescence. 
Ritter remarks on thfe “But the violet rays beloi^ to the reduc- 
ing, the red to the oxidizing part of the spectrum.” ifThis state- 
msmt ol a “chemical polarity” of .the spectrum therefore preceded 
the enui«aation of Grotthus' photochemical principles (6) and 
ml^t be r^uded as the first photochemical generalization. 

The quenching action of red and infra-red rays upon the phos- 
phorescence of alkaline earth sulfides was confirmed by Ed. 
Becquerel (7) who further showed that it was to be definitely 
distinguished from the reviving action of heat ^ermo-phos- 
phorescence].® Becquerel made few speculations^ regard to 

® Origiaally specified as rays of different refrangibiUty. 

« P. Lenard Per., 1917, 6; ibid., 1918) considers that part of this 

quenching effect is a heat effect, whereby acceleration of the phosphorescent de- 
cay is broi^ht about, but part is a true quenching effect of entirely different 
order. 
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the nuHierous faets he ^scov^ed in photochenustry. But^ 
what was equivalent, he Introduced the terms “rayons ex- 
cntateurs,” “rayons continuatenrs,” “rayons extineteurs,” 
wherry the concept of antagonism of radiations was given a 
more specific, and in some ways a more misleading, form. Be- 
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division of the spectrum into actinic and thennic rays, in which 
connection it may be noted that long after Grotthus and Dra- 
per had founded the absorption law of photochemistry, J. M. 
Eder (8) and still more definitely J. Plotnikow (9) have assumed 
that a substance may have some absorption bands which are 
“thermic” as distinct from others which are “chemical.” 

In the development of photochemistry, three main classes of 
reactions definitely exhibit the phenomenon of radiation antag- 
onism. These are (a) real reversible photochemical reactions, 
(&) phosphorescence, (c) phototropy. The typical features of the 
real reversible photochemical reactions are illustrated in table 1, 
taken with some amplifications, from Plotnikow (10). 

For none of these reactions is the actual mechanism completely 
known’^ and the above tabulation therefore is only a crude 
representation. However, a certain general feature may be 
pointed out. The reaction proceeding with absorption of energy 
(endo-energetic) is produced by the (relatively) higher fre- 
quencies, or short wave-lei^hs, whUe the opposite, exo-energetic 
reaction, releasing energy, is accelerated by the (relatively) 
longer wave-lengths. 

The attempt of Perrin (11) to generalize all chemical reactions 
under a radiation theory of chemical change has been very stimu- 
lating, but has fallen short of full succ^. In Perrin’s general 
equation 

Ai -|- ^**1 A* + hvt 

Ai and As represent different chemical configurations, reactant and 
resultant, while hvi and h^s represent quanta of monochromatic 
radiation. Not only in actual photochemical reactions are the 
exciting radiations extended over a considerable region of wave- 
lengths (12), but any complete equation would have to mclude 
kinetic energy terms of rotation and osdUation — both quantized — 
and also of translation, — ^not quantized (13).. These tenns may 
refer partly to groups of these, — ^radicles, ions and molecules, 
and in addition an important part of the translational, or non- 

^ Cf . particularly the recent symposium on photochemical reactions in gases 
at the Faraday Society, London (October, 1925). 
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quantized energy may be imparted to entirely non-component 
atoms or atom groups. Hence it appears t^t the foregoing 
equation is an over-simplification when applied to actual chemical 
reactions. . 

It is evident, however, that this generalized equation is, so to 
speak, the apotheosis of the Ritter concept of radiation an- 
tagonism. Furthermore, it may represent the fimdamental or 
primary element of photochemical change, considered as a 
virtual change, which is related to real chemical chaise in the 
manner suggested by Bohr, Kramers, and Slator (14) for the 
relation of virtual radiation in general to quantum exchange of 
energy. In consequence we should expect the nearest approach 
to fulfillment of the Perrin-McLewis equation in the field, if 
existing, of virtual photochemical reactions. Such fields appear 
to exist in the case (a) of phosphorescence and (6) of phototropy. 
Both these are characteristic of the solid state, phototropy 
exclusively so. While phosphorescence is a phenomenon of 
dilute solid solutions,® phototropy is a property of certain pure 
substances, and should perhaps be restricted to the reversible 
light induced color changes of crystallized organic compounds. 

It is not proposed to discuss here either the enduring electro- 
luminescence of certain gases (e.g., active nitrogen), or the rela- 
tion of phosphorescence to fluorescence. 

The term phototropy has been used in a wider sense, as re- 
ferring to any causes of reverable color changes induced by 
light (16). The existence of phototropy in inorganic substances 
is not denied, but the extension of the term to phenomena such 
as the color-adaptation of the photo-halides had better be with- 
drawn. 

Phototropy in this narrow sense appears to have been first 
observed by Marckwald (16). Later it was more extensively 
studied by H. Stobbe (17) who found in the fidgides a class of 
colored organic substances showing phototropy in clearly marked 
fashion. The f ul^des have assigned to them the general formula : 

« But compare W. D. Baucroft’s ciiticism of this term, Trans. Faraday Soe., 
19, 324 (1923). 
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where RiRjRsR* may be hydrogen, identical, or different alkyl 
or aryl groups. 

Typical phototropic oscillations are: 

Diphenylfulgide 

A form 
Yellow green 
Absorbs ca 
610-436 IJ./JL 


B form 
Blue 

Absorbs ca 
510-625 ju/t 


A form 
Orange 
Absorbs ca 
560-440 fjifi 


Triphenylfulgide 

B form 
Blue 

Absorbs ca 
650 infra-red 


It is characteristic of phototropic substances to be transformed, 
by the light they absorb, into a form of more or less comple- 
mentary hue, which is reciprocally inverted by absorption of 
light in its own absorption region. In mixed radiation, there- 
fore, an equilibrium, or at least a stationary state, is reached, 
depending upon the proportions of rays of different frequencies 
incident. 

The nature of phototropic change has not been definitely 
settled. Attempts to explain it in terms of isomerism, static or 
dynamic, have not so far been successful, particularly in view 
•of the fact that its limitation to the solid state seems to pre- 
•clude its bein^ any known form of inter-molecular variation. P. 
■Gallagher (18) in a study of a number of salicylidene amines was 
not able to trace any direct relation between phototropy and 
chemical constitution, and concluded that the color changes can- 
not be attributed to ptuely chemical charges in the molecule. 
On the other hand, there is certain evidence difficult to reconcile 
with entire absence of inter-molecular chemical change. Serder 
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and Shepheard (19) as also Padoa and his coworkers (20) found 
constitutional factors involved. Again, Schlunk and Lumpp 
noted with ozazones that when 3 or 4 of the four hydrogens in 
the molecule are replaced by acyl groups that phototropy is 
excluded. This condition would also eliminate or reduce the 
possibility of “labile” hydrogen, and it is possible that a “co- 
ordinated” hydrogen atom (21) may play a part in the phototropie 
transformation. There are phototropic substances in which the 
reverse reaction occurs spontaneously in the dark. This reverse 
reaction has a high temperature coeflBcient (vide infra) and it 
seems probable that the reverse change is in fact accelerated by 
infra-red rays. 

The magnitude of the temperature coefficient of the reverse 


TABLE 2 

(By Padoa and collaborators) 


PKOTOTBOPZG STTBSTAlfCB 

TBMPSRATURXI 

XN7BBVAL 

DIRECT 

CHAKQE 

T.O. 

BB- 

VBBBB ; 
CBANOB 
T.O. 

TEMPERATURE 

INTERVAL 

1. Piperyl o-tolyl-ozazone 

-10' to -10° 

1.06 


+10® to -10® 

2. Benzaldehyde phenyl hydra- 
zone 

-10° to +10° 



80® to 110® 

3. pip^diacetyl-diamino-stil- 

bene-o, o'-disulfonic acid 

4. salicyiidene-i8-naphthylamine. 

-10° to +20° 
-10° to 0° 

1.07 

1.40 




reaction is generally very high for a purely physical reaction 
(see table 2). 

These reactions foUow the general rule for photochemical 
reactions, that the temperature coefficient increases with the 
wave-length of the active radiation. If the reverse reaction be 
regarded, in view of its temperature-coefficient, as chemical, fit 
would seem that the direct reaction must be so also. Padoa 
found that the direct reaction was monomolecular, the re- 
verse bimolecular, suggesting a depolymerization-polymeiization 
(dimerization) 

A,;:^2A 

as the change in these specific cases. The most complete study 
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of a phototropie change was made by F. Weigert (22) in the 
case of / 3 -tetra-chlor-a-keto-naphthalin. He found that with the 
exception of the color (absorption) none of the crystallographic 
properties underwent any noticeable alteration. The axial ratio 
of the rhombic crystals remained practically constant under the 
strongest excitation, and the x-ray (Laue) diagram showed no 
difference. The absorption spectrum was very different, accord- 
ing as the electric vector of the light passing was plane polarized 
in the direction of the c-axis (prism edge), or in any direction of 
the a-6-plane. For the unexcited crsrstal, the first direction 
gave two absorption bands at 295 and 375 m«, the second, a general 
absorption beginning at 420AtM. For the excited crystal, the 
two bands for the c-direction were unchanged, but in the a-b- 
plane the absorption had increased greatly, and a new band had 
formed in the visible green-yellow, the cause of the phototropic 
coloration. Solutions showed no actual bands, but two shoulders 
in the ultra-violet in the places of the two crystal bands. 

The crystal molecules appear therefore to be identical with 
those in solution, but the parcMel orientation in the crystal allows 
the absorption of individual atom-groups to be separately ex- 
amined for definite vibration directions of the electric vector of 
plane polarized light. 

Now the maximum excitation (coloration) of the jS-tetra-chlor- 
a-keto-niaphthalin [by white light] is effected only when plane 
polarized light falls on .the crystal, so that the electric vector 
is in the c-direction. This is true, although the absorption is 
greater in the a-6-plane. The contradiction to the Grotthus 
law is due to the fact that the discoloration by plane polarized 
yellow light is effected only when the electric vector is vibrating 
in the o^6-plane. The importance of orienkition for phototropic 
[and photochemical] action in solids is very noticeable here. 

Weigert points out the fact that the coloration is observed 
only in the crystals, not in the solutions, and shows that the 
ordered orientation of the molecules in close packing is the con- 
dition for the effect. The insolation of the crystal produces 
inter-molecular optical influences, which are observed as colora- 
tion. This he regards as explainable only by nei^boring atom 
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groups coming nearer together, a possibility in agreement -with 
his more general hypothesis, that the primary photochemical 
process consists in a separation of those atoms from one another, 
between which the absorbing electron vibrates. He supposes 
this separation to occur on absorption in the individual molecules 
which expand and thus brings neighboring molecules nearer 
together. By absorption in the new intermolecular band these 
atom groups are again pushed apart, and the initial condition 
restored. 

It is not doubted that Weigert’s explanation is correct in main 
outline. But it may be possible to develop it somewhat in detail, 
and indicate its extension to other substances than the one he 
considered. The possibility of this appears to lie, on the one 
hand, in certain recent developments of valency theory (23), on 
the other, in the newer theories of ionic deformation, particu- 
larly in crystal lattices (24). 

Apparently all the phototropic substances contain double 
bonds or their aromatic equivalents. Double bonds as such are' 
not sufficient for color, i.e., absorption in the visible spectrum, 
nor in the case of phototropic bodies can an inter-molecular 
tautomerism (by light) to a quinonoid configuration be invoked, 
because no effect is produced in solution. The following sug- 
gestions do not answer the question, why phototropy is not 
produced in a much greater number of crystaUine organic bodies 
of the aromatic and heterocyclic series. This question is, how- 
ever, also unanswered by Weigert’s explanation of phototropy. 
They do appear to proffer a sufficient mechanism for the phe- 
nomenon; when it should also be a necessary consequence, will 
require further constitutional studies and intensive examinations 
on the lines of Weigert’s work to determine. 

It has been suggested by Lowry (21) that “while a single bond 
may be either a covalency [non-polar linkage] or an electrovalency 
^olar linkage], a double bond in organic chemistry usually reacts 
as if it corUained one covalency and one electrovalency" For many 
special developments of this theory, reference must be made to 
Lovwy’s papers (21). It is to be noted, however, that Sugden 
and his coworkers (25) on the new inolecular volume constant. 
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the “parachor” have produced definite evidence for the existence, 
in compounds in the “resting” or inactivated state, of two kinds 
of double bonds. One of these, common in carbon compounds 
(but found also in compounds of other elements), causes an 
increase in the parachor of 23.2 units, and another, present in 
derivatives of the oxy-acids of sulfur and phosphorus, lowers 
the parachor by 1.6 units. The former is the uon-polar double 
bond, the latter (Lowry’s) semi-polar double bond. The con- 
traction of the parachor in the latter case is accompanied by a 
corresponding distortion of the outer shell of electrons. Sugden 
considers that “Lowry’s hypothesis concerning carbon compounds 
may therefore be taken to mean that the activation of such 
compounds consists in the transference of an electron whereby 
a non-polar double bond is converted into one of the semipolar 
type,” a view, which as he remarks, gives a simple connection 
between the structures on the activated and non-activated 
states. It is a commonplace of modern photochenoistry, that 
the primary photochemical event consists in the activation of 
atoms and molecules (26) a view which the writer has emphasized 
somewhat earlier.* At the same time, photochemical activation is 
only one of several processes by which activation may be induced, 
aU conceptions of an “active” as contrasted with a “passive” form 
of the molecule dating back to Arrhenius’ explanation (27) of the 
temperature coefficient of chemical reactions. R. G. W. Norrish 
(28) has recently indicated the importance of traces of polar 
substances as catalysts for gaseous reactions, and interpreted 
this in terms of Lowry’s hypothesis. “We may thus regard 
molecular activation as occadoned by a definite change of con- 
figuration or distortion of the molecule, broi:^ht about by close 
association with some polar catalyst. Such a change of con- 
figuration miist take place with the absorption of energy, and 
thus the activated molecules will be in a more highly energized 
state than the resting molecules.” In comparing this with 
Lowry’s hypothesis, he says “The analogy between the develop- 
ment of an electrovalence on the one hand and the process of 

* S. E. Sheppard, Photochemistry, Longmans, Green & Co., 1914, p. 192. “The 
seleotive absorption of light is intrinsically photochemical.” 
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activation on the other is so complete as to surest that the two 
phenomena are identical.”^® 

It may therefore be suggested that phototropy is due to a 
process of activation in which non-polar double bonds are con- 
verted to semi-polar bonds. In solution, this process, through 
tending to occur, is neutralized by collisions of the randomly 
oriented molecules, which prevent the “set” being given which 
is possible in the crystal. The reasoniug of Weigert, according 
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to which the constitution I in figure 4 is to be preferred, from 
the phototropic phenomena, to constitution II, remains equally 
valid. The exciting absorption is still to be referred to the C Cl = 
C Cl linkage, but the essential excitation consists in the change 
of this to 

+ 

- c ~ o - 

Cl Cl 


The formation of an electrovalence is not a phenamenorij like activation, but 
the suggested noumenoriy or actual cause proposed! 
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As to the stereochemical arrangement of the molecules in the 
(rhombic) crystal it is suggested by Weigert, since jS-tetra chlor 
a-ketonaphthalene has only one plane of symmetry (in that 
of the naphthalene nucleus), that the crystal element will have 
four chemical molecules arranged in some symmetrical fashion 
in this plane of symmetry. The existence of four chemical 
molecules in the crystal unit of substituted naphthalene deriva- 
tives is confirmed by Sir William Bragg (29), but /3-tetra chlor 
a-ketonaphthalene crystallizes (from benzene) in colorless 
rhombic bipyramidal crystals, and for this class eight asymmetric 
molecules are required (30). The molecular symmetry of this 
highly substituted body is obviously low, lower than that of the 
mono-substituted naphthalene bodies. In the rhombic bi- 
pyramidal class, one molecule is reflected across a plane; the third 
and fourth are derived from the first and second by reflection 
across a plane which is at right angles to the first plane; the other 
four are derived from the first four by reflection across a plane 
which is at ri^t angles to both the other planes. 

We do not know how the atoms in the molecular units of this 
configuration are arranged in the present case. But it seems 
reasonable to suppose that they would remain geometrically 
congruent. The arrangement described would permit in a high 
degree “tuning” or resonance between the intra-molecular cir- 
cuits affected by light, i.e., electromagnetically induced, since 
any two molecules can be brought to coincidence by reflection 
across a plane of symmetry. Reverting to the structural formula 
for i3-tetra-chlor-a-ketonaphthalene, and accepting Weigert’s 
reasons for constitution I, we can have the transition from the 
non-polar to the semi-polar double bond, in the C Cl = C Cl 
when the electric vector is in the c-direction (of. fig. 4), in both 
the C Cl = C Cl and the C = C group when it is vibratiag in the 
a and h directions. 

It is possible to consider the C = 0 group as semi-polar in any 
case, corre^ondiog to its strong chromophoric value. In view 
of the structure of the crystal, it seems very probable that the 
alternative semi-polar configurations 
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would be formed as electro-optical images in pairs, as reached by- 
reflection across a plane. The electrostatic attractions could 
produce the further approach of the groups, as supposed by 
Weigert. In this case, there would be a contraction of the 
chemical molecular volume, since Sugden finds the parachor 
reduced by 1.6 for a semi-polar bond, increased by 23.2 for a 
double bond. Hence, in this case, a contraction of 1.6 should 
occur for each double bond changed by light absorption. 

Since reversal would occur by the mutual neutralization 
between two paired molecules, excitation in individual molecules, 
a possible explanation of Padoa’s finding for the bimolecular 
character of the reverse reaction is afforded. 

Attention should be dra-wn in coimection -with this to B. E. 
Wilsden^s theory of chemical affinity and electronic structure 
(31) . According to this, bonding by a magnetic field gives a non- 
polar type, by an electric field, a polar type, of valency. A change 
from a non-polar to a semi-polar double bond, according to this, 
would involve conversion of magnetic to electric energy. Since, 
in a plane polarized ray, the electric and magnetic vectors are at 
right angles to each other, Weigert’s reasonii^ on the relation 
of the C = C and C Cl = C Cl groups, which is based solely on 
the electric vector, may require reconsideration. 

While other phototropic bodies will not necessarily give rhombic 

w This can also be expressed by the splitting of the half double bond being 
mono-molecular, the reformation being between + and — charges as bi-molecular. 
The suggestion made is in agreement with the theory of “induced alternating 
polarities” of A. Laxrworth, J. Chem, Soc. 121, 416 (1222); W. Kermack and R. 
Robinson, ibid., 4ZI. 
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bipyramidal cryBtals, they all appear to contain double bonds, 
and in any likely crystal system, as rhombic p3rramidal or mono- 
clinic prismatic, conditions for electric imaging and coupling 
will exist, which are not present in solutions. The question 
obviously arises, why are not all organic substances which contain 
double bonds and which crystallize, phototropic? Probably a 
greater number are so than have yet been observed. But this 
particular activation of double bonds may require certain con- 
stitutional “weights” or factors not yet ascertained. A further 
difficulty for the hypothesis that a non-polar double bond is 
converted to a senai-polar one, is that the reverse reaction might 
be supposed to necessitate luminescence, which is not observed. 
This may be due to the fact that relatively few activated bonds 
are involved, or that the return process is analogous to the 
radiationless energy transfers of the second kind (32) with excited 
molecules. 

It is evident that on the hypothesis discussed, phototropy 
in solid phases should have relations with certain valency changes 
in solutions. The phenomena of halochromimP are examples, 
and it is interesting to note that Dietzel and Naton (33) find 
that hisdiphenylene fulgide, diphenyl piperonyl fvlgide and di- 
pipiperonyl fulgide give pale yellow solutions in chloroform or 
acetic acid, whereas the solutions in mono- di- and tri-chloracetic 
acids are much darker. Absorption measurements indicate that 
the production of haloehromism is optically similar, though quan- 
titatively less marked, than that produced by conversion of a 
saturated into an unsaturated compound. Madelung (34) has 
drawn attention to the halochromic effect of light upon the 
colorless solution of the carbinol base of para fuchsme, or crystal- 
violet in acid free acetone, pyridine, etc. We have here the 
transformation of the pseudo (carbmol)-base into a true base, 
with a displacement of an electron from the carbon atom next 
the hydroxyl group to the hydroxyl group, giving a positively 
charged complex and negatively charged hydroxyl 

- C • OH - C + OH 


“ Color formation on salt formation. 
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The system is unstable and reverts to the pseudo-base, analo- 
gously to the phototropic reversal. Again Lifschitz (35) has 
shown that the lettco-cyanides of triphenyl methane dyes are 
colored in solution by ultra-violet light, both the color and the 
increased electrolytic conductivity going off again in the dark. 
This reversion from the true salt to the pseudo-salt is precisely 
similar to the mechanism suggested for phototropy. The similar 
thermochromic phenomena, which are also shown by the “free 
radical” doublets, should be investigated from the viewpoint of 
photochemical antagonism, the so-called equilibria observed 
being stationary states depending upon the proportions of radia- 
tion incident. 


PHOSPHORESCENCE 

The striking phenomena of radiation antagonism in relation 
to phosphorescence have been discussed fully by Lenard (36) 
and others. Here it may be remarked only that phosphorescence 
is also a phenomenon of the solid crystalline state (37), and that 
while a pure substance, such as calcium timgstate, may give only 
fluorescence in x-rays, the presence of traces of impurities degrades 
much of the luminescence to phosphorescence. The probability 
that in this case an electron is first caused to pass over into a new 
orbit, and that the luminescence is due to its return to its former 
equilibrium condition does not fully explain the “quenching” 
action of longer wave-length radiation (38). From a study of 
the growth and relation of fluorescence and phosphorescence 
under x-rays, of calcium tungstate, the writer is inclined to 
regard the completeness of orientation of the atoms in the crystal 
lattice, and the degree of deformation as of great importance. 
It will be shown elsewhere that not only is the fluorescent in- 
tensity increased as the size and symmetry of the crystals are 
increased, i.e., the ratio of completely oriented to imperfectly 
oriented atoms increased, but the introduction of definite groups 
into the lattice can: 

a greatly increase phosphorescence, i.e., lag of re-emission 
B neutralize ^‘lag" produced by phosphorogenic groups 
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The phenomena resemble strikingly many of those observed 
in the photographic behavior of the silver halides. 

That phosphorescence and the photo-electric effect are closely 
connected is the conclusion of Lenard.® In this case, the actual 
freeing and emission of electrons is understood. One type of 
photo-electric effect, viz. photo-electric conductivity, has recently 
been studied under exceptional conditions, in single crystals, by 
Gudden and Pohl (39). From their experiments they conclude 
that distinction must be drawn between primary and secondary 
photo-electric currents. The primary current, they consider, is 
due to photolytically freed electrons, the secondary, to diminution 
of specific resistance, e.g., by lattice disorientation (40) or by 
“coherer effects” at boundary surfaces. The characteristics of 
the primary current are a finite initial value and saturation 
proportional to the light energy. Saturation is reached only in 
single perfect crystals, and the rate depends upon the intensUy. 

In regard to the spectral distribution of the photo-electric 
current, they say (41) “In consequence, of our experiments we 
have been more and more led to the conclusion, that inner photo- 
electric effects in general broaden the optical absorption region 
toward the longer wave-lengths.” This is analogous to the 
Becquerel effect in photography to be noted shortly. 

Crystals in this condition they term “excited,” and distinguish 
between two groups of crystals, in regard to the photocon- 
ductance. The first group consists of crystals such as diamond, 
and selenium, where the absorption is proper to the substance, 
the second, Hke NaCl colored by radium or x-ra3^, have an 
absorption due to foreign materials. In the case of “foreign” 
absorption, the total absorption is largely unaltered by excita- 
tion; in the case of “proper” absorption, it is increased. By a 
“center” they understand the seat of a quantized, electron split- 
ting light absorption; th^e “centers” being always atoms or 
molecule in some way distinguished from their environment 
and present only in low concentration. 

Generally, a crystal remains “excited” a limited time only. 
Heat motion gradually reduces it, and irradiation by wavelengths 
for which ahsorpt/ion is first brought about by the excitation with 
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shorter wave-lefngths and generally termed “long wave radiation” 
accelerates the return to the initial state. This phenomenon is 
again an example of radiation antagonism, which is analogous 
to phototropy and to the Herschell effect in photography (vide 
p. 347). 

Gudden and Pohl consider this “excitation” process the broad 
basis for photo-luminescence, light emission by return of a re- 
placement electron (according to Lenard) being only a special 
case. 

These photo-conductance phenomena undoubtedly throw a 
new light on the same fundamental “iimer photo-electric effects” 
which are variously developed or revealed in phototropy, phos- 
phorescence, and photochemical change. 

ANTAGONISTIC BADIATIONS IN PHOTOGBAPHT 

The field of photographic chemistry is rich in asserted examples 
of antagonistic reactions from different radiations. The difficulty 
consists in distinguishing pure effects which are definite and 
reproducible. In fact, the statements in the literature differ 
widely, and are often in direct contradiction. What follows is 
less an attempt to summarize the situation and to reach definite 
conclusions, than to select the outstanding problems and sketch 
the conditions necessary for isolation of approximately unit 
effects. The related phenomena which anastomose here may be 
tabulated as follows: 

1. Mechanism of formation of the normal (developable) latent image 

2. Photographic sensitization 

3. Optical sensitization 

4* Desensitization 

5. Optical desensitization 

6. The Herschell effect (Villard effect) 

7. The Becquerel effect 

8. Reversal (solarization) by over-exposure 

9. Clayden, Wood, etc., reversal 

10. Reciprocity and intermittency failures 

It is obviously out of the question to discuss all these fully, 
yet it is practically impossible to deal with those items which 
appear as antagonistic reactions without referring to the others. 
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What is essential to bear in mind here is that we are dealing 
with a probably definite photochemical action (the decomposition 
of the silver halides into silver and halogen) which is very 
minute, — ^the primary reaction — and which is multiplied and 
made measurable by an independent chemical reaction, develop- 
ment (42). Hence, apparent antagonistic effects of radiation 
may be either true photochemical antagonisms, hke phototropy, 
and the photochemical equilibria proper, or may be due to dis- 
turbances of the product of the primary reaction which interfere 
with its function in development. 

/ . Mechanism of formation of the normal devehpcible or lateni image 

It is fairly well agreed at the present time that the latent image 
consists of nuclei, chiefly consisting of colloid silver, and dis- 
tributed as dispersed “development centers” over the silver 
halide grain (43). There is further good evidence in the case 
of high speed negative emulsions that these nuclei are formed at 
pre-existing “sensitivity centers,” consisting of some other 
material than silver bromide, and which are oxidized away by 
chromic acid (44). The writer has shown that in all probability 
these “sensitivity centers” consist of silver sulfide (45) and that 
“oversize” sensitivity centers of silver sulfide produce spon- 
taneous developability (46). In conjunction with Trivelli and 
Loveland (47), he has proposed an orientation theory of sensitiza- 
tion and latent image formation according to which the silver 
sulfide nuclei are surrounded by halos of deformed ions in the 
silver halide lattice, such that the radiation incident on the grain 
is oriented toward the centers, and the photochemical reduction 
of the silver halide takes place in their immediate neighborhood. 
A center makes a grain developable when it reaches a certain size, 
and the orienting effect of a center is supposed to grow with the 
formation of silver, i.e., to be auto-catalytic (48) . On this theory, 
the greater sensitivity of the larger grains in the same emulsion is 
a consequence both of the increased chanceof a larger grain having 
a larger sulfide nucleus, and of the increased mass of silver halide 
available to afford oriented photo-product. 
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S. Photographic sensitization 

It is evident from the foregoing that sensitization (for light 
of the same wave-length) and the mechanism of latent image 
formation are closely connected, so that a complete explanation 
of one involves the other. While the specific photographic 
sensitizing by formation of silver sulfide nuclei may be regarded 
as a demonstrable fact, the orientation theory of sensitization 
and latent image formation is only a working hypothesis. Alter- 
native views, which accept the silver sulfide nuclei as sensitivity 
centers, are the following. First, chemical sensitization. The 
silver sulfide nuclei may act as halogen acceptors for the photo- 
chemicaUy decomposed silver halide in their immediate vicinity. 
This would have only a small sensitizing effect, and does not 
explain why pronounced halogen acceptors in the emulsion do 
not increase photographic sensitivity.** 

Second, there may be no oriented growth of the sensitivity 
nuclei on exposure but only a chance distribution of reduced 
silver atoms to form a nucleus large enough to induce develop- 
ability. Here again, the measure of sensitization which can be 
effected, which in favorable cases amounts to 100:1 seems to be 
out of order with this hypothesis. Direct experimental tests 
between these hypotheses may not be possible, so that indirect 
evidence must play a large part in deciding between them, or at 
least m evaluating their relative importance. It is at least 
evident that in endeavoiing to explain photographic phenomena, 
what may be termed topochemical factors (49) affecting the after- 
process of development must be given equal consideration with 
pure photochemical factors. Wherein consists the fimdamental 
photochemical change? It is generally accepted that the latent 
image consists of coUoid (metallic) silver. Further, the process 
of formation of the silver is considered to consist in the photo- 
chemically activated transfer of an electron from a bromide ion 
to a silver ion (50), according to the equation 

Br - tf -4 Br 

Ag + 9 — ^ Ag 


** B«eently K. C. D. Hickman {Phot. J. 51, 34 (1927) has devcloi>ed a more 
promising halogen acceptor theory of this action. 
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It is to be remarked, however, that such a process leads con- 
ceivably to the intermediate formation of the homopolar molecule 
Ag Br, which only decomposes to silver and bromine by the 
further reaction 

AgBr + AgBr = Agi -1- Brj 

We may write the reaction then reversibly as 

2Ag+ 4“ 2Br“ 2AgBr ^ Agj + Bra 
or more generally 

2Ag+ + 2X- 2AgX Agj -1- X, 

Where X = Cl, Br or I 

Then for given wave-lengths, the equilibrium will lie more to 
the left or right according to the nature of the halogen X. There 
is much evidence in favor of the view that with silver iodide, 
for example, the equilibrium in light lies further to the left than 
with silver bromide. 


S. Optical sensitization 

The silver halides are normally photosensitive chiefly m their 
own absorption region in the blue-violet. Sensitivity to longer 
waves can, however, be increased by various processes of so- 
called optical sensitization. The best known of these is the use 
of certain groups of dyes, which sensitize the silver halide for an 
extended spectral region which, while not identical with the 
absorption spectrum of the dye in ordinary solvents, is condi- 
tioned by this, and is probably identical with the absorption of 
dye: silver halide combination. But besides this optical sen- 
sitizing by dyes, a number of interesting optical sensitizations 
have been effected by inorganic substances. The first of these 
was Liippo-Cramer’s demonstration of panchromatic sensitizing 
by colloid silver (49). The fact that sensitization to long wave- 
lengths could be brought about by this, explained Becquerel's 
"continuing action” of light, according to which a pre-exposure to 
blue light would be strengthened by after-exposure to yellow and 
red rays, an exposure which, without the pre-exposure, would be 
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ineffective. The colloid silver formed in the first exposure is 
acting as a sensitizer for the longer waves. 

Allied to this is Capstaff and Bullock’s discovery (51) that 
bathing plates in bisulfite, then in frequent changes of slightly 
alkaline water, confers sensitivity to the longer waves. This 
may be due to formation of colloidal silver (52) but is also jiossibly 
a consequence of adsorption of hydroxyl ions, as noted later. 

Actual formation of colloid silver can hardly be the cause of 
red sensitizing by bathing silver bromide plates in very dilute 
potassium iodide and cyanide solutions, as discovered by Renwick 
(53) and investigated in detail by the writer (54) . To this collec- 
tion of inorganic color sensitizing effects must be added a recent 
discovery of E. R. Bullock that sensitivity in the extreme red 
(700 mpt -f ) is induced by treatment with sodium thiosulfate. 
That this is caused by silver sulfide formation seems to be con- 
firmed by the fact that R. Loveland, also the writer and E. P. 
Wightman have obtained similar results using substituted 
thioureas to produce blue-violet photographic sensitivity accord- 
ing to the discovery of the writer. How are these effects related 
to optical sensitization by dyes, and what is their common 
denominator? In papers by Fajans and Frankenburger (55) 
on the influence of ionic adsorption on the photochemical de- 
composition of the silver halides, conceptions were advanced 
which open up a new view of these optical sensitizing effects. 

They suggested that adsorption of simple cations, as Ag ions, 
is limited to an electrostatic monatomic layer. The work re- 
quired, hv, for transfer of an electron from a bromide ion to an 
adsorbed Ag+ ion is less than in the case of the normal surface of 
the lattice. 

The considerations advanced by Fajans and Frankenburger 
do not, however, seem entirely adequate, for the following 
reasons. First, the actual surfaces developed in silver bromide 
crystals are not of the chessboard type described, with alternate 
Ag+ and X- ions. This would be a (100) cubic surface, whereas 
the faces which are foimd are dominantly octahedral, i.e., aU 
Ag+ ions or all Br- ions (52) . Hence the figure and explanation 
advanced by Fajans and Frankenburger are not realized, except 
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perhaps to some extent for adsorption of Ag+ ions. But if 
we consider less an adsorption than an inbuildiog of foreign 
nuclei in the cr3rstal grating, then the quantum change, i.e., 
diminution oi hv necessary for the reaction Br- — 0-» Br, etc., 
becomes possible in virtue of the deformation of contigxiom ions of 
the crystal lattice.” We have here an explanation of the optical 
sensitizing presented by the very dissimilar substances, viz. 
metallic silver, silver sulfide, silver iodide, and silver cyanide. 
In each case, insoluble foreign nuclei are built into the crystal. 
The writer has indicated elsewhere how this effect may not only 
lead to anomalous optical sensitizing effects, but also contribute 
to the concentration of the blue-violet photochemical decomposi- 
tion about the sensitivity centers, notably of silver sulfide (56). 
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In normal or dye sensitizing there is probably no such in- 
building, but a surface adsorption of the dye. The principal 
classes of sensitizing dyes are: 

A. Phthaleins, e.g., erythrosin, eosin 

B. Cyanins e.g., carbocyanins, isocyanins 

The first are acid dyes, forming complex anions. These will 
be adsorbed chiefly by silver ions, and it is known that these 
dyes do not senatize well by bathing, but are assisted by the 
use of soluble silver salts, i.e., by intermediate silver ions. Going 
to the pronouncedly basic cyanine dyes (57) these form complex 

” Analogous to the deformations discussed by Fajans (loc, cit.)- 
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cations, and are therefore held by bromide ions.“ But, such an 
adsorption involves reciprocal deformations in the bonded ions, 
so that the displacement of the spectral sensitizing curve is to be 
expected. Hence, we probably get a superposition of the anoma- 
lous and normal optical sensitizing effects. The normal effect 
follows as an inner photo-electric effect in the dye ion, whereby 
its reduction potential is raised and silver ions are reduced, which 
form a latent image about ‘'sensitivity specks” just as in the case 
of the photochemical decomposition of Ag+ Br-. 

4 . Hesensitization and 
6. Optical desensitisation 

There exist two types of desensitization. In the fibrst, the 
desensitizer acts before exposure to light, being removed from the 
plate before exposure. The most important example is de- 
sensitizing by chromic add, the desensitizing action of which 
was discovered by Liippo-Cramer (58), and has been fuUy studied 
by W. Clark (59) and by Sheppard, Wightman and Trivelli 
(60). The action of this, as of permanganate, and probably of 
iron, copper and uranium salts, when removed from the film 
before exposure, is to destroy the “sensitivity centers” of silver 
sulfide by oxidation. 

The second type of desenatization is by substances present 
during exposure. Any of the previously mentioned oxidizers 
can be used in this way, if not removed before exposure, but the 
typical desensitizers of the second kind are certain dyes, such as 
phenosafranin, the action of which was also discovered by Ltippo- 
Cramer (61). The action of these dyestuffs is greatly reduced, 
if not entirely eliminated, if they are washed out before exposure 
(62.) Hence it appears that they cannot act by oxidizir® the 
the silver sulfide nuclei before exposure but must act during 
exposure. Liippo-Cramer (63) at first si^ested that they acted 
by oxidizing the nascent latent image, even in the presence of 

The colloidal condition of these dyes in aqueous solutions, while affecting 
their practical sensitizing powers, is probably of secondary importance for their 
photochemical activity. 



344 


S. E. SHEPPARD 


reduciDg agents, such as alkaline developing solutions. Later 
he has proposed another theory, according to which they “isolate” 
the nascent latent image, reducii]^ its capacity to induce de- 
velopment. However, the oxidation theory has been supported 
by the work of Arens (64) and of Carroll (65). The former re- 
gards the action of the dye-desensitizers as an optical sensitiziag 
of the Herschell effect, i.e., of the reversing action of red rays. 
The latter also supports a similar view. Arens confirmed the 



finding of Abney that the presence of free bromide (KBr) in- 
creases the Herschell effect, and makes it possible with optically 
sensitized plates (e.g., with pmacyanol). Halogen absorbing 
agents, such as NaNOa do not prevent it so that it seems diBEicult 
to attribute it to formation of Br*. Arens gives the following 
evidence that the absorption spectrum of phenosafranin coincides 
with the desensitization spectrum (cf. fig. 6). 

Carroll also regards the dye desensitizing action as an oxida- 
tion phenomenon, but denies the existence of a specific reversing 
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effect of red raj^ (Herschell effect). Concerning the action of 
the dyes he says. “The dyes, in the dark or in feeble illumina- 
tion, have an oxidation potential sufficient to prevent formation 
of a new latent image. On activation by light of their charac- 
teristic frequency, then potential is raised sufficiently to cause 
the destruction of the latent image already existtog.” The 
bleaching out of latent image by desensitizing dyes in the presence 
of free bromide was observed by Liippo-Cramer and has been 
confirmed by Dundon in this laboratory. 

Before considering this second type of desensitizing as an 
example of antagonistic action of radiations, it is desirable to 
notice again optical sensitization. But it will be observed that 
here also there is a concurrence of topochemical factors (latent 
image distribution) with pure photochemical equilibria. 

While Liippo-Cramer’s suggested topochemical factor, i.e., 
“isolation” of the latent image nuclei may play a part, the 
writer is mclined, on the grounds of experiments in progress, to 
regard the photochemical oxidation potential as the chief factor. 
Liippo-Cramer has pointed out that the bleaching out of silver 
photo-iodide is optically sensitized by dye desensitizers, and that 
dyes which are optical sensitizers for silver Iromide may be optical 
desensitizers for siloer iodide {<^1). 

Returning to the equations on page 340, we may suppose that 
dyes are either: 

a. Adsorbed to the Ag+ ions 
h. Adsorbed to the Br- ions 
c. Adsorbed to homopolar AgBr (or Agl) 

Acid dyes, e.g., erythrosin, giving (complex) anions, would be 
expected to adsorb to Ag+ ions, and it is a fact that their sensitizing 
action is supported by free silver ions. 

Basic dyes, e.g., pinachrome, giving complex cations, would be 
esqiected to be adsorbed to Br- ions m the silver halide lattice. 
It is, however, a noteworthy fact that such dyes are much more 
soluble (on the alkaline side) in chloroform than in water. Hence, 
one may anticipate a possible strong adsorption to homopolar Ag X 
pairs, a fact in agreement with the strong adsorption of “basic” 
dyes to silver iodide. It is also significant that the sensitizing 
spectra of these dyes with silver bromide approaches more nearly 
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to the absorption spectrum in chloroform than to that in water or 
alcohol.** 

The exact mechanism of optical sensitizing is not yet clear. 
The relatively simple cases of sensitization by mercury atoms 
excited to the resonance potential and producing active hydrogen 
(66) by radiationless collisions have been adduced as signihcant 
for photographic sensitizing with the dyes. We have, however, 
in the dye: silver halide complex, a very complicated system, in 
which we can scarcely picture activated dye molecules, as wholes, 
colliding with the silver salt. We must rather conceive of a 
number of changes being excited by absorption of light, ranging 
from a trapsition from non-polar to polar linkages (as in photo- 
trophy) to reversible electron transfers (reduction and oxidation) 
and fionally to non-reversible changes (hydrogenation and de- 
hydrogenation). If this series is borne in mind, representable by 
three energy levels of disturbance of the dye: silver halide 
system, 



a bo 

a pbototropic changes, 6 inner photoelectric effects, c irreversible reductions 

and oxidations 

Cf. S. B. Sheppard, Phot. J. 48, 300 (1908). It is i>ossible that chloroform 
should be regarded as semi-(bi) polar, rather than completely homopolar. 
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then the radiation antagonism in dye sensitizing and desensitizing 
effects appears as a combination of the true (virtual) photo- 
chemical equilibria with pseddCahtagonistic reactions (destruc- 
tion of photo-product by certain radiations, as in photocatalyzed 
autoxidations) 'and with secondary topochemical effects (Liippo- 
Cramer's nucleus isolation). 

6. The Hersehell effect 

This effect, already mentioned, consists in the reversing action 
of red and infra-red T&yB in regard to the action of blue and 
violet. Its existence has been denied by some (65) but appears 
definite. 

Arens (67) regards the Hersehell effect as the prototype of 
optical desensitizing, and as conditioned by the ^simultaneous 
presence of Ag Br: Ag: and elementary bromine or Bir ions. 
Since halogen acceptors, e.g., nitrite do not hold it up, but even 
intensify it, any action of bromine can be regarded only as due to 
a tranmnt photochemicaUy active Br from Bt~ ions occurring in an 
adsorption layer. Much more study is required before this effect 
can be properly interpreted. Its probable connection with the 
analogous phenomenon in photo-conductivity has already been 
pointed out (p. 337). 

7. The Becquerd effect 

The Becquerel effect (68) in photography consists essentially 
in the sensitizing effect for longer waves of a previous exposure 
to shorter waves. Ltippo-Cramer has shown that this may be 
effectively attributed to formation of colloid silver, the latter 
acting as a panchromatic sensitizer. In line with previous dis- 
cussion, we may consider this effect, therefore, as a combination 
of phototrbpic deformation of the silver halide lattice auto- 
catalytically oriented and accelerated by silver nucleus formation. 
The phenomenon is, therefore, primarily photochemical, and only 
secondarily topodiemical. But the complication by topochemical 
factors is shown by the fact that exposure to x-rays can give a 
latent image developable by visible light (if halogen acceptors are 
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present). It stands, therefore, in a reciprocal relation to the 
Herschell effect. 

8. Reversal or solarizaiion by prolonged exposure 

Solarization has long been one of the photographic riddles (69). 
We shall not deal with it in detail, but only note that recent 
investigations strongly suggested that it is chiefly a topochemical 
effect, i.e,, a slowing of development rate due to redistribution of 
the latent image, i.e., enlargement and anastomosing of the 
nuclei produced by light (70). Only after fuller investigation 
in mono-ehroroatic light of differing wave-lengths wiU it be 
possible to discount any photochemical effects, of the pseudo- 
antagonistic type. 

9. Imperfect photochemical integration 

The existence of non-integrative effects of photographically 
effective energy forms is apparent in the irvtermiUency and recipro- 
city failures for ordinary light, and more marked in the so-called 
“Wood series” of “anomalous photographic integrations (71).” 


I 

II 

III 

IV 

<Sa + b 

<S.+ b 

<S. + b 

<Sa-hb 

Sb + a >Sb 

Sb ■+• a Sb 

S*> + a >Sb 

Sb + a i:Sa 

>Sa 

Incomplete sum- 
mation 

>Sa 

Partial reversals 
(After- ( Pre- 
expo- expo- 
sure) sure) 

<S. 

<Sb 

Total reversal 


Here Sb denotes the first action alone, S» the second action 
alone, Sb + a the two effects together in the order b -f a, S. -h b 
the two effects together in the reverse order a -1- b ; - S always 
being photographic effect (density). 

6 and a may be: Light : X-rays 

Light : spark light 
Light : pressure 

10. Intermittency and reciprocity failures 

The intermittency and reciprocity failures (72) are special 
cases of the foregoing incomplete summation. They denote 
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a dependence of the formation of the latent developable image 
upon the rate of supply of energy. 

The most important results in this field are those of L. A. 
Jones and V. C. Hall (73), 

Briefly, they find that for the reciprocity failure: 

a. The reciprocity failure is approximately symmetrical for low and high 
intensities. There exists an optimum intensity of light energy utiliza- 
tion. 

&. The optimum region is wider, or the failure less, the higher the sensitivity 
of the material. 

c. The failure at low intensities involves an actual lowering of D^ax — (max- 
imum density). That is, the total number of grains made developable 
for any time is a function of the intensity. 

■While the high intensity failure may be a kind of solarization, 
i.e., a topochemical development effect, the low intensity failure 
is almost certainly not. It appears that the reverse reaction 
must here accompl^ itself the better, the less sensitivity, i.e., 
the less the presence of sensitizing nuclei. 

At present, the writer is inclined to consider this a consequence 
of lack of orientation of the primary photochemical activation. 
In absence of sensitivity nuclei, at low intensities, only single, 
Br~, Ag+ ions are affected, and relax from the intermediate stage, 
whereas in the presence of nuclei (AgaS : Ag) the process is 
stabilized at the interface. At high intensities, the radiation 
density is sufiicient for a nucleus large enough to induce sensitizar 
tion (auto-sensitizii^) to be formed (47). The quantum theory 
of light transmission is not essential, but seems more in con- 
sonance with the phenomena. 

To sum up, the antagonistic effects of radiations in the photo- 
graphic process appears to be due: 

a. To true photochemical equilibria in the reaction 

(Ag X)jm ^ mAgj laXt 

W li 

wherein the homopolar bodies play a part as an intermediate 
“photo-product.” Characteristic differences appear in passing 
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from bromide to iodide, agreeing with the view that the electrons 
in an I* molecule “are hardly more constrained that those in the 
rion” (74). The equilibrium (Ag+ (AgX)jn, is primarily 

phototropic. 

b. To pseudo-antagonistic, or topochemical effects, brought 
about by the influence of nuclei (of silver sulfide and of silver) 
upon the subsequent reactions in exposure and development. 
The photochemical and topochemical effects are “loosely coupled” 
so that sometimes the progressive, sometimes the regressive 
actions are assisted thereby. 

The conception of an intermediate phototropic equilibrium 
between heteropolar Ag+ X“ and homopolar Ag X, which can be 
further sensitised optically by nascent Ag 2 (metal), offers a new 
interpretation of the schemes advanced by A. P. H. Trivelli 
(75) and M. Volmer and K. Schaum (71) for the progressive 
and regressive processes in silver halide emulsions. It remains, 
however, at present a working hypothesis, to be tested further. 

CONCLUSION 

The object of this paper is to emphasize the importance of the 
concept of radiation antagonism for practical photochemistry, 
and to show that this early induction remains a valuable guide 
in investigations. In many ways, the concept resembles that of 
ionic antagonism in bio- and coUoid chemistry. This conception 
also has proven fruitful in leading to new discoveries, and has 
gradually been stripped of vagueness and associated with the 
definite mathematical theories of the Donnan membrane equilib- 
rium. Whether a modified or elaborated form of the Perrin- 
Lewis equation can be brought into similar relation to radiation 
antagonism remains to be seen. In any case, in the purely 
physico-chemical phenomena as in the bio-chemical and bio- 
ph 3 rsical phenomena of antagonism and adaptation, we encounter 
a class of transformations and equilibria which suggest the neces- 
sity of a concept of higher order than those of energy and entropy. 
The inventor (Johnson Stoney) of the word “electron” for the 
unit electric charge has proposed for this concept the term 
“synergy.” It may be suggested that in this order of things 
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(synergic phenomena) we cannot regard a transformation as 
determined solely by initial conditions, but as co-operatively 
determined by certain initial conditions and final states, which 
stand to each other in a relation of reciprocity or correspondence. 
Synergy is apparently an inherent condition of the quantum 
dynamics of the atom, particularly in respect of light emission 
and absorption. Sommerfeld (76) has the following to say con- 
cerning the remarkable numerical or arithmetical order of the 
intensities of spectral lines inside a multiplette, i.e., the values 
which correspond to the probabilities of transitions from an 
initial to a final condition. 

What is very remarkable in these intensity rules is the r^iprocity of 
initial and end states. It appears as though what happens is not given 
by a probability for the initial condition of the atom and a probability for 
the transition to the end state, but as though initial and end-state deter- 
mined what happens co-equally according to their corresponding quan- 
tum-weight. This would rather contradict our adopted intuitions of 
causality, according to which we should prefer to think the development 
of the process already fixed by the initial state. It does not seem im- 
possible (ausgeschlossen) to me, that quantum experience may transform 
our conceptions in this respect. It has often been observed that for the 
Bohr emission condition the atom must know beforehand in what state 
it will finally go before it can radiate. In the principle of least action 
also we adopt a teleological, not a causal standpoint. Such a teleo- 
logical inversion of the causality principle seems to me to contradict 
the quantum theory less than it does the classical theory. 

At the begiimmg it was pointed out that antagonistic and 
cooperative actions of different radiations were of importance 
for practical photochemistry. In conclusion, it is suggested that 
the concept of synergy is inherently important for theoretical 
photochemistry. 

BEFEEENCES 

(1) Rtjbsbli.; Proe. Boy. Soc. (.London) 61, (1887) ; 64, 409-419 (1899). 

(2) Sheppard AND Wiqhtman: J,Frank/lnsLt^5y2S7-^7 (1923), 

(3) Kornpeld: Z, vyiss. Phot, 21, 66 (1921). 

(4) Rabel: Z, wi$s. Phot, 19, 69 (1919). 

(6) Bitter: Beitrage zlir nsiiere Kemitniss der Galvanismus, Vol. 2, p. 282 
(1802). 


CHBSMXOAL MViaWB, VOl., IV, NO, 4 



352 


S. E. SHEPPARD 


(6) Giiotth0s; Gilbert’s Ann, 61^ 50 (1819); also W. Ostwald's iCilasstfcer, No. 

152, p. 94. 

(7) Becqubrel: LaLumiere, Ses Causes et Ses EfPets (Paris, 1872). 

(8) Eder: Hdbuch. d. Photog., VoL III. 

(9) Plotnikow: Lehrb, d. Photochem., p. 53 (Berlin, 1920). 

(10) Ibid,, p. 258. 

(11) Perrin; Ann, de Physique 11, 108 (1919). 

(12) Tolman: J. Amer. Chem, iSoc, 47, 1524 (1925); Lewis and Smith, ibid,, 47, 

1508 (1925). 

(13) Franck: Address at the 88th Meeting of the Ges. Deutsch. Naturforsch. und 

Aerzter. Innsbruck, 1924, Naturvdssensckaften, 12, 1063 (1924). 

(14) Bohr, Kramers ani> Slator: Phil, Mag, 47, 785 (1924). 

(15) Sheppard, S.E.: Photochemistry. 

(16) Marckwald: Z, physik. Chem, 30, 143 (1899). 

(17) Stobbb: Ann. 369, 1 (1908). 

(18) Gallagher; Bull, soc, chim, IV, 29, 683 (1921). 

(19) Sbnibr and Shbphbard: J. Chem, Soc. 96, 218, 441 (1909). 

(20) Padoa and coworkbrs: Atti, accad, lAncei. (5) 18, 694 (1909), et seq. 

(21) Lowry: J. Chem. Soc: 123, 822 (1923); Bull, soc. chim. 39, 203 (1926). 

(22) Weiqert: Z, Blekirochem, 24, 222 (1918). 

(23) Lowry; Trans, Faraday Soc. 18, 285 (1923). 

(24) Fa JANS : Naturmssenschaften 11, 165 (1923). 

(25) Sugdbn: J, Chem, Soc. 126, 1177 (1^4). 

Suqdbn, Reed and Wilkins; Ibid., 127, 1525 (1925). 

(26) Symposium on Photochemical Reactions in Gases, Faraday Society (1925). 

(27) Arrhenius: Z. physik. Chem. 4, 226 (1889); 28, 317 (1899). 

(28) Norrish: J. Chem, Soc. 124, 3006 (1923). 

(29) Bragg: Proc. Phys. Soc. London 34, 33 (1921). 

(30) Bragg: J. Chem. Soc. 121, 2771 (1922). 

(31) Wilsden: Phil. Mag. 49, 354, 900, 1145 (1925). 

(32) Klein and Rossland: Z. Physik. 4, 46 (1921). 

(33) Dibtzel and Naton; Ber. 68 B, 1314 (1925). 

(34) Madblung; J. prakt. Chem, 111, 131 (1925). 

(35) Lipschitz: Ber,B2, 1919 (1919). 

Lipschitz and Joppe: Z. physik. Chem, 97, 426 (1921). 

(36) Cf . pRiNGSHEiM, P. : Fluorescenz und Phosphorescenz im Lichte der Neuoren 

Atomtheorie, Berlin, Springer (1923). 

(37) Sheppard: Ilium. Bug, 10, 178 (1917). 

(38) Pringsheim: Op. ait., p. 109. 

(39) Gudden and Pohl : Z. Physik, 6, 248 (1921) ; 3, 98 (1920) ; 4, 206 (1921) ; 17, 331 

(1923); 18, 199 (1923); 21, 1 (1924); 30, 14 (1924); 31, 651 (1924); 36, 
243 (1925). 

(40) Cf. Von Hevesy: Z. Physik. 10, 80, 84 (1922). 

(41) Gudden and Pohl: Z. Physik, 36, 249 (1925). 

(42) The Svedberg: Phot, J, 46, 315 (1922). 

(43) Bancropt, W. D.; The Theory of Photography, General Introduction 

Faraday Society Symposium. Trans. Faraday Soc. 19, 243 (1923) . 



PHOTOCHEMICAL AND PHOTOGRAPHIC REACTIONS 363 

(44) Sheppard, Trivblli and Wightman: Tram, Faraday Soc, 19, 296 (1923); 

Clark: Ibid., 309. 

(45) Sheppard: Phot. J. 49, 380 (1925). 

(46) Wightman, Trivblli and Sheppard: Phot. J. 49, 134 (1925). 

(47) Trivblli, Loveland and Sheppard: J. Franklin Inst. 200, 51 (1925). 

(48) Ibid., p. 77. 

(49) LtJppo-CRAMER: Kolloid Chemie und Photographie, 2nd Edit. 

(50) Sheppard and Trivblli: Phot. J. 61, 402 (1921). 

Fajans: Chem. Ztg. 1921, p. 666. 

(51) Capstapp AND Bullock: jBni./.PAoe.67,719 (1920), 

(52) Trivblli, A. P. H., and Sheppard, S. E.: The Silver Bromide Grain of 

Photographic Emulsions, N. Y., Van Nostrand, 1921. 

(53) Renwick: Phot. J. 61, 12 (1921). 

(54) Sheppard: Phot. J. 62, 88 (1922). 

(55) Fajans and Frankenburger: Z. Elektrochem. 28, 499 (1922); Z. physik. 

Chem. 106, 255, 373, 329 (1923). 

(56) Holmes, H. N., ed.: Colloid Symposium Monograph, vol. 3, N. Y. Chemical 

Catalog Co. (1925) p. 76. 

(57) Fischer and Schbibe: /. prakt. Chem. 100, 86 (1919). 

(58) LtS’PPO-CRAMER: Phot. Mitt., l^,p.Z2S. 

(59) Clark: Phot. J. 63, 230 (1923). 

(60) Sheppard, Wightman and Trivblli: J. Franklin Inst. 196, 653 (1923); 

Trans. Faraday Soc. 19, 296 (1923). 

(61) Lti’PPO-CRAMER: Kolloidchemie und Photographie, p. 82 (1021); Phot. Karr., 

1921, p. 276. 

(62) LuMiijRE AND Sbyewetz: Bull. soc. chim. 37, 700 (1925). 

(63) LtlPPO-CRAMER: Phot. Ind. 417 (1921). 

(64) Arens: Z. physik. Chem. 114, 379 (1925). 

(65) Carroll: J. Phys. Chem. 20, 693 (1^5). 

(66) Franck: Z. Physik. 9, 259 (1922). 

Bales: Science Progress 20, 396 (1926). 

(67) Arens: Z. physik. Chem. 114, 22 (1^5). 

(68) Trivblli: Z. wise. Phot. 6, 278 (1908). 

(60) Sheppard, S. E., and Mbes, 0. E. K.: Theory of Photographic Process, 
N. Y,, Longmans, 1907, 

(70) ScHEPPERs: Z. Physik. (1924); Arens: Z. physik. Chem. 114,22 (1925). 

(71) VoLMER AND Schaum: Z. mss. Phot. 14, 1 (1914). 

(72) Sheppard, S. E., and Mess, C. E. K.: Theory of the Photographic Process, 

N. Y., Longmans, 1907, p. 214. 

(76) Jones and Hall: J. Optical Soc. Am. 12, 321 (1926); 13, 443 (1926); 14, 223 
(1927). 

(74) Smyth: Phil. Mag. 60, 366 (1925). 

(,75) Trivblli: Z. wise. Phot. 6, 197, 237, 273 (1908). 

,(76) Sommerpbld: Grundlagen der Quantum-theorie und des Bohrschen Atom- 
modelles. (88 Versamm. d. Ges. deutsch. Naturforsch. u. arzte (1924) ), 
Naturwissenschaften, 12, 1048 (1924). 




RECENT ADVANCES IN CELLULOSE AND STARCH 

CHEMISTRY 
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INTRODtTCTION 

Because of the intensive work being done on cellulose at the 
present time, the multiplicity of new facts and theories which 
are being adduced, renders comprehensive treatises on the 
chemistry of this carbohydrate obsolescent, almost as soon as the 
mechanics of assembly and publication are possible. 

CELLimOSE STRUCTURE, HISTORICAL SUMMARY 

For the benefit of those whose main interest has been in 
branches of Organic Chemistry other than that of cellulose, a 
brief account of the salient facts in connection with the study of 
the structure of this substance may be of interest before present- 
ing the latest developments. So much has been published that in 
a review of this type only what appear, in the opinions of the 
authors, as the most fimdamental work may be recounted and 
indulgence is asked if important researches seem to have been 
omitted. 

As long ago as 1883 Flechsig (1) claimed that cellulose could be 
entirely converted into glucose. Ost and Wilkening (2) hydro- 
lyzed cotton with sulfuric acid and obtained an almost theoretics 
yield of ^ucose, as estimated polaiimetrically and by means of 
Fehling solution. Subsequently WiUstStter and Zechmeister (3) 
showed that cellulose was soluble in 41 per cent hydrochloric acid 
and that such a solution upon standing resulted in the hydrolysis 
of cellulose to glucose. The polarimeter and Fehling solution 
both indicated a 95 per cent yield of glucose. 

* Communication No. 332. 
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Since glucose was not quantitatively isolated, the proof that 
cellulose could be quantitatively hydrolyzed to glucose was open 
to criticism. 

Chmningham (4) found that two such widely different types as 
cotton and esparto cellulose, the latter known to contain xylan, 
gave approximately the same optical rotation in solutions pre- 
pared according to the method of Willstatter and Zechmeister. 

It was later found by E. C. Sherrard and A. W. Froehlke (6) 
that cotton cellulose, white spruce, Douglas Kr and yellow birch 
when dissolved in 40 per cent hydrochloric acid gave practically 
identical yields of glucose as estimated by means of optical 
rotation. 

That cellulose is capable of hydrols^is quantitatively to glucose 
was firmly established through the work of Monier-Wilhams (6) 
who hydrolyzed cellulose with sulfuric acid and actually isolated 
pure crystalline glucose to the extent of 91 per cent, and the work 
of Irvine and Soutar (7) done at approximately the same time. 
The latter workers subjected cellulose to acetolysis with sulfuric 
acid in the presence of acetic anhydride and acetic acid and hydro- 
lyzed the resulting glucose acetate with a methyl alcohol solution 
of hydrochloric acid, thereby obtaining a-methyl glucoside. This 
was, of course, readily converted to glucose. The 3 deld obtained 
in this way was 85 per cent. Subsequently in 1922, Irvine and 
Hirst (8) through modification of the acetolysis method and 
the use of slightly stronger alcoholic HCl, brou^t the yield of 
glucose to 95.1 per cent of that demanded by the expression 
(CaHioOs)* ^ CjHmO*. 

The methylation of cellulose also contributed to the cellulose 
—>■ glucose question. Through the use of this reaction, Denham 
(9) introduced 25 per cent of methoxyl into cellulose. The prod- 
uct so obtained, when dissolved in 41 per cent hydrochloric acid 
and hydrolyzed, gave a crystalline sugar which was identified as 
2,3,6 tiimethyl glucose. And in 1923 In'ine and Hirst (10) 
demonstrated that 2,3,6 trimethyl glucose was the only sugar 
formed when cellulose is hydrolyzed to glucose. 

The hydrolysis of cellulose quantitatively to glucose and the 
proof that 2,3,6 trimethyl glucose is the only glucose derivative 
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obtained by hydrolysis went far to clear the atmosphere in regard 
to cellidose structure and rid the subsequent speculations of many 
ambiguities which had existed prior to that time. It enabled the 
casting out of much theoretical discussion which had previously 
appeared, such as the formula for cellulose presented by Cross and 
Bevan (11) about 1900 in which appeared four free hydroxyl 
groups. The results of esterification studies had for a long time 
militated against such a view but the evidence presented in sum- 
mary above made such a formula quite untenable. 

The present views of the structure of cellulose, as held by many 
workers, regard cellulose as represented by the formulation 
[(CdHioOs) in which x equals the number of CJEioOs groups in 
the fundamental molecule and y equals the number of (C^BioOs)* 
groups joined together by association, polymerization or other 
forces to produce the colloidal particle or micelle. A notable 
exception is found in Kurt Hess and his co-workers (12) who 
maintain that the fundamental cellulose molecule is (C6 HioOb)i. 
Their contention is based upon polarimetric data from the be- 
haviour of cellulose in cuprammonium solution, and upon cryo- 
scopic studies of the molecular weight of various derivatives. 
Recent publications by Pringsheim (13) appear to indicate that he 
is also of this belief. 

On the other hand the isolation of a disaccharide from cellu- 
lose, namely cellobiose, leads many to the view that the linkage 
existing in cellobiose is present in cellulose. Cellobiose is obtained 
by acetolysis of cellulose, with acetic anhydride, acetic acid and 
sulfuric acid, with subsequent hydrolysis of the cellobiose octa- 
acetate obtained. 

Cellobiose octa-acetate was first isolated in the acetolysis of 
cellulose by Franchimont (14) . It was later studied by Maquenne 
and Goodwin (15) and other workers. It appears to be one of 
the degradation products of cellulose. The method of formation 
lends credence to the likelihood that it is a part of the cellulose 
molecule. The TUfl.yiTnnTn yield of cellobiose octa-acetate thus 
far obtained is 35 to 40 per cent. This was accomplished by 
Haworth and Hirst (16). The yield of cellobiose acetate from 
the acetolys^ of cellulose triacetate and from cellulose appears 
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to be of the same order of magnitude (17). The Kurt Hess 
school, however, claim that in. the acetolysis of cdlulose the 
carbohydrate is first hydrolyzed to glucose and that cellobiose 
octa-acetate results from the recombination of two glucose mole- 
cules followed by acetylation of the resultant disaccharide. 

Work by Irvine and Hirst (18) on the methylation of cellulose 
and subsequent hydrolysis of ^he ether thus produced led them to 
announce a formula for cellulose in which the x in the fundamental 
molecule was given as 3. The cellulose molecule is represented as 
an anhydro-trisaccharide as given below. 


Irvine and Hirst Formula 


CHsOH 



/ 

X OHOH 
CHOH 


CH— O— CH • OH • CH(OH) • CH(OH) • OH 


CH— 0— CH • CH(OH) • CH(OH) • CH • CH • CH,OH 
CHjOH 


These authors have recently published the results of further 
work in support of this formula as given in a later paragraph. 

Another tool which has proved of value in studying the struc- 
ture of cellulose has been the use of x-rays. Cellulose and its 
derivatives yield x-ray spectrograms. Debye and Scherer (19) 
first recorded the observation that cellulose gave interferences 
with x-rays very similar to those of crystals, but apparently 
did not theorize upon their observation. The pioneer work in 
this field has been done by R. O. Herzog and H. Jancke, who 
published in 1920 (20) a paper dealing with the constitution of 
cellulose in which it was stated that (CtHioOs)* represented the 
fundamental molecule of celltilose. In 1921 Herzog (21) modified 
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his views aDd stated that the cellulose unit contained 4 anhydro- 
glucose units and in 1925 (22) he suggested that the fundamental 
cellulose molecule might contain 1, 2, or 4 CgHioOg groups, but 
that in contra-distinction to Irvine (18) the value three was ex- 
cluded by calculations from x-ray data. 

With this rather meagre outline, in which an attempt has been 
made to recount the outstanding features of the work on the 
structure of cellulose, we pass to the more recent advances in. 
this field, as well as that of the reactions of cellulose and its 
colloidal nature and behaviour as given in the succeeding 
paragraphs. 

CELLULOSE STEUCTUEE, PHYSICO-CHEMICAL EESEAECH 

A very important contribution on the structure of cellulose as 
indicated by x-ray spectra is given in a paper by 0. L. Sponsler 
and W. E. Dore (23) . The authors studied the Eontgen diagram 
of fibers of Eamie and proposed a structure which appears to be 
consistent with the physical properties and chemical reactions 
of fibrous cellulose. They consider this substance to be made up 
of glucose units in the form of amylene oxide rings apparently 
united by primary valences in chains of indefinite length. Th«» 
chfdns are parallel to the longitudinal axis of the fiber and are 
spaced rectangularly 6.10 x 5.40 A.u. The ramie fiber is a hollow 
cylinder in which the crystal units are so placed that one of the 
diagonals of the 6.10 x 5.40 spacing always occupies a tangential 
position. The linkage of the chains is alternately from the 1 to 1 
and the 4 to 4 carbon atoms of the glucose units. This precludes 
the presence of the cellobiose linkage in cellulose. They state 
that a group of eight glucose units is the simplest unit tl^t can 
represent the structure of cellulose. This corresponds to the 
crystallographic unit with axes 10.80 x 12.20 x 10.25 A.u. 

The authors consider that the continuous primary valences 
account for the tensile strength of the fibers in a longitudinal 
direction while they are stabilized laterally by the secondary 
valences between the oxygen atoms of adjacent chains. Ester 
foimalaon is shown to be possible. This may decrease the second- 
ary valence force with a consequent separation of the longitudi- 
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nal chaiRS and a resultant weakening of the fibrous structure. 
Sponsler and Dore (23) report a fair agreement with the data 
obtained by R. O. Herzog (24) but differ in their interpretation. 
This author (25) while admitting the possibility of the glucose 
units being glucosidicaUy attached, considers it more likely that 
a number of CaHioOs groups are linked together according to 
Werner’s theory of secondary valences. 

E. Ott (26) in discussing the structure of the pol 3 ^accharides 
reports x-ray diagrams in support of the view that the crystallite 
of cellulose consists of three CaHioOs groups and that of lichenin 
seven. In another paper be (27) declares that cellulose hydrate, 
oxyceUulose and hydrocellulose give diagrams identical with that 
of lichenin and believes that the crystallite constituents are the 
same, cellulose being a modification of lichenin. Herzog (28) 
finds lichenin yields a diagram shnilar to that of hydrated cellu- 
lose, but not identical with it. 

Both cellulose nitrate and acetate when produced, without de- 
struction of the fibrous form show a crystalline structure according 
to Herzog (29) and to Ott (30). 

Herzog (31) has observed differences in the Rontgen diagram 
of natural and mercerized fibers and finds that the same differ- 
ences exist between cotton which has been esterified and deesteri- 
fied without losing its fibrous form and that which has been in 
solution. From these data, since it is diScult to conceive that 
solution would cause a chemical alteration, he considers that 
mercerization produces a purely physical change. On the other 
hand, J. R. Katz (32) in a continuation of his previous work (33) 
adduces further data in support of his contention of the presence 
of an “alkali cellulose compound.” In this instance he worked 
with alkali dissolved in dilute alcohol. By so doing the level 
portion of the Vieweg swelling curve disappears, but the same 
x-ray spectrographic change occurs as is observed in aqueous 
solutions of approximately the same concentration. When the 
cotton is washed with dilute alcohol, treated with an acetic acid 
solution to remove the last traces of sodium and dried, the spec- 
trum of mercerized cellulose is obtained. This view is strength- 
ened by the statement in another paper by Katz (34) that ramie 
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swollen by zinc chloride or calcium thiocyanate gives an un- 
changed spectrogram. That cellulose after swelling with HNO3 
and washing shows a RSntgen spectrum characteristic of mercer- 
ized cellulose has been shown by J. E. Katz and K. Hess (35). 
The concentration limits producmg this effect are specific gravities 
1.38 to 1.42. The so-called Knecht compound, CeHioOs-HNOj 
is shown to have a constant composition and an x-ray diagram 
which differs from that of cellulose. 

Work has been done by Herzog and Laski (36) on the absorp- 
tion spectra of thin films of cellulose and nitrocellulose in the 
infra red as a possible clue to the structure of these compounds. 

Alb. Frey (37) determined the refractive indices of various 
kmds of cellulose fibers and from the data obtained concluded 
that cotton cellulose and other tjrpes of fibrous cellulose are 
identical. 


CELLTTLOSE STETTCTTTBE, CHEMICAL RESEARCH 

Hess (12) in continuance of his work m support of the conten- 
tion that (CdHioOs) is the molecular unit of cellulose has recalcu- 
lated (38) the data given by Herzog (29) and found the number of 
CJSioOj groups per crystal unit to be 1.62 and 3.21 instead of 
16.9 and 32.1 as originally recorded by Herzog. From this Hess 
concludes that the number 4 has nothing to do with the cellulose 
molecule. Herzog (39) admits the calculation error, but still 
maintains 2 or 4 CJEioOs mols per unit m the cellulose derivatives. 

Hess (40) found from freezing point determinations in absence 
of air that di- and triacetyl cellulose dissolve in glacial acetic 
acid m concentrations of 0.05 to 0.6 per cent in monomolecular 
form corresponding to CeHioOs. He favors the Naegeli micellar 
l^^thesis and considers that glacial acetic acid is able to dis- 
port the molecular building stones of the micelles. The above 
author (41) gives a‘ review of his results obtained on the study of 
cellulbse. 

H. Piingsheim (13) heated cellulose triacetate in naphthalene 
and in tetrahydronaphthalene at 236°C. for two hours and ob- 
served that it is broken down without loss of material and without 
splitting off acetyl giving glucose anhydride triacetate. Sapom- 
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fication of this gives a substance which he calls cellosan, acetoly- 
sis of which yields cellobiose octa-^acetate. Hess (42) in a repe- 
tition of this work, finds that acetyl is split off during the heating. 

The same author (43) observed in the methylation of glucoses 
a shifting of the oxygen bridge under certain conditions. In 
another paper (44) the preparation of crystalline trimethyl cellu- 
lose is described. From cryoscopic work in vacuo he found prop- 
erties similar to those of cellulose acetate xmder the same 
conditions. He concludes that methylation is the direcl|mtroduc- 



CH,OH 


Fig. 1 


CH,OH 


tion of the methyl group except the possible wandering of the 
oxygen bridge. 

Cellulose degraded by acetolysis and then deacetylated was 
shown by J. C. Irvine and G. J. Robertson (45) upon methylation 
and analysis of the products so obtained, to give 36 per cent 
anhydin-triglucose. They believe that the triglueose unit must 
be at least one-third of the cellulose aggregate. 

A constitutional formula-for cellulose has. been published by 
H. LeB. Gray (46), involving four CeHioOs groups or a multiple 
thereof as indicated in the structure given in figure 1. This 
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structure is based on the spectrographic data and the chemical 
evidence that one hydroxyl per C 24 unit possesses properties 
differing from the other eleven hydroxyls present. A hypotheti- 
cal breakdown of such a molecule makes possible the existence of 
a disaccharide not known at the time of publication as well as 
cellobiose, celloisobiose and glucose. Upon methylation and 
hydrols^is it would yield 2,3,6 trimethyl glucose in accordance 
with Irvine (18). 

By the acetolysis of cellulose, Hess and Hermann Friese (47) 
using the method of Ost with the sulfuric acid decreased to one- 
tenth, obtained a new derivative which they have determined to 
be a hexa acetyl biosan. Upon saponification an anhydro 
disaccharide is produced. Further degradation yields cellobiose 
and isocellobiose. 

Fritz Micheel and Watroslow Reich (48) claim to have isolated 
from cellulose, by acetylation, deacetylation of the product 
obtained and reacetylation in pyridine, a new body which they 
believe may be related to the “ Kittsubstanz ” proposed by Herzog 
(49). 

DISPBESOIDOLOGT OP CELLULOSE 

During the past year the dispersoidology of cellulose and its 
derivatives has been the subject of many investigations. Accord- 
ing to Herzog (50) electrolyte free polysaccharides do not swell 
in water. He considers that when swelling does take place the 
crystals break apart and the “Kittsubstanz” is partially de- 
stroyed. There are, in his opinion (61), two types of swelling 
agents; the fibrst includes sodium hydroxide,, cuprammonium and 
nitric acid; the second, salts and their water of crystallization. 
Under tension with the first type, the oblong crystallites im- 
bedded in the “Kittsubstanz” become liquid. Release of the 
tension does not induce ciystallization but results in coagulation. 

W. Gordon (62) assumes the cotton fiber to have the proper- 
ties of liquid crystals distributed in an amoiphous cementing 
substance. 

From the studies of solutions of cellulose in Schweitzer’s 
reagent, Herzog and Kriiger (63) concluded that the original 
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cellulose crystals whose size depended on the nature and previous 
history of the cellulose material, always dispersed into primary 
particles of the same size. 

This appears to be contradicted by M. Numa (64) who claims 
that the color intensity of cuprammonium solutions of cellulose 
is directly related to the degree of dispersity. 

Because of controversy concerning previous papers about the 
ripening of viscose, Herzog (65) published an account of the 
work wMch led to his papers on the viscose ripening process. The 
methods used for determining particle size are given. He states, 
in one of his papers (56) that the ripening of viscose is a coagula- 
tion phenomenon in which secondary particles consisting of series 
of rod shaped micelles are formed. 

An investigation of the viscosity of viscose solutions led E. 
Berl and A. Lange (57) to conclude that ripening of viscose is not 
a polymerization effect of the cellulose xanthate molecule but that 
the cellulose formed by the splitting off of xanthic acid coagulates. 

W. Von Neuenstein (58) states that cellulose nitrate and cellu- 
lose acetate solutions which have become thin on standing in- 
crease in viscosity when stirred. This effect is probably due, 
in his opinion, to the breaking up of secondary nricelles. 

Many data concerning cellulose nitrate solutions have been 
published by J. W. McBain, C. E. Harvey and L. E. Smith (59). 
They consider the solution of cellulose nitrate to be a direct com- 
bination between the solvent and suitable complementary chemi- 
cal groups in the solute. Loose ramifying aggregates of colloidal 
particles held by local and specific bonds of residual affinity are 
believed to account almost entirely for the apparent viscosity of 
such solutions. 

A study of the jellies formed by cellulose triacetate with benzyl 
alcohol and water has been made by H. J. Poole (60). 

P. Karrer (61) observed the rate of zymolysis of cellulose by 
snail cellulase. He concuded the resistance to zymolysis is 
decreased by processes which cause a loosening of the nfiinftllflr 
structure. 
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ALKALI CELLULOSE 

Work on the action of alkali hydroxides on cellulose has brought 
forth numerous papers during the past year. The conclusions, 
in the main, represent those previously arrived at, with slight 
discrepancies. 

Herzog (60) considers that the mass of water imbibed cannot 
be related to the heat of mercerization. However, Katz (62) 
believes that the taking up and liberation of water in the treat- 
ment of cellulose with alkali of different strengths plays an im- 
portant part. 

Making certain assumptions, W. Gordon (52) has derived a 
formula from which contraction on mercerization can be 
calculated. 

Liquid ammonia at —33° to —36° according to G. Bernard (63) 
causes swelling of cotton fiber nearly equal to that produced by 
NaOH. The action of 22 per cent ammonium hydroxide on raw 
and wax free cellulose is similar to that of sodium hydroxide, but 
not as intensive. The products of the action of 22 per cent 
ammonium hydroxide still show intact external structure of 
cellulose and show no change in furfural, copper number, sweUit^ 
power and fat content. If cellulose is treated with 22 per cent 
ammonia at 200° for f orty-dght hours, a brown powder is obtained 
containing 20 per cent of nitrogen. 

In the preparation of viscose E. Heuser and Schuster (64) 
found that lithium, potassium, sodium and rubidium hydroxides 
form true viscoses. With the first three the ratio of alkali to 
cellulose is one alkali hydroxide molecule per (CeHio06)2. In the 
case of rubidium three CJSioO* groups are required per molecule 
of Eb(OH). 

Emil Heuser (65) discusses the relationship between degree 
of sweUing of cellulose fibers and concentrations and electro con- 
ductivity of aqueous and alcoholic alkaline hydroxide solutions 
at the point of quantitative formation of alkali cellulose as de- 
termined by means of x-ray. 
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ACIDS ON CELLULOSE 

Further work has been done on solutions of cellulose in sulfuric 
and hydrochloric acids by K. Atsuki and F. Minaki (66) (67). 
In each case two points of inflection in the rotation-time curves 
were observed. The viscosity decreases rapidly until thb first 
point of inflection is reached after which it remains nearly con- 
stant as the cellulose changes from colloid to crystalloid products. 

According to Lieser (68) HCl supersaturated at zero degrees 
converts cellulose quantitatively into alkali soluble cellulose. 
Schwalbe’s copper number shows no apparent increase in the 
reducing power of the product. The cellulose degradation can- 
not be explained, but the author considers that it is not a case of 
hydrolysis. 


VISCOSE 

Several interesting papers concerning viscose have appeared. 
Among these the following may be mentioned. 

E. Berl and Johann Bitter (69) by the conversion of cellulose 
which had been alkylated, so as to contain one to two and one- 
half alkyl groups per Ca unit, into viscose, arrive at the conclu- 
sion that there must be two free hydroxyl groups in the cellulose 
molecule for complete xanthation. 

A paper by Heuser and Schuster (70) states that (CeHioOa)* is 
the lowest xanthate formed. This breaks down to give a com- 
pound corresponding to (C6Hio06)s and then to one of (CaHioOs)!. 
After this the breakdown is indefinite. 

In a series of articles J. d’Ans and A. .Tager (71) discuss the 
ripening of viscose. Experimental work shows that the decrease 
in the number of xanthate groups is regular and that the rate of 
separation of xanthate groups increases with rising temperature. 
The properties of the viscose solution and the number of xanthate 
groups have a clear relationship. 

R. Bernhardt (72) suggests that acetic acid may be used for 
following the course of ripening of viscose. 
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CELLULOSE ESTERS 

The literatxire of the cellulose derivatives has been increased 
by the publication of many papers. A few of the more important 
contributions are given. 

A study of the nitration of various celluloses was made by M. 
G. Morin (73) in which he makes various su^stions for the use 
of new materials in the production of cellulose nitrate. 

F. Blechta (74) confirms the fact that the instability of gun 
cotton is due primarily to the presence of sulfuric acid esters of 
cellulose. By a new method of stabilization with concentrated 
nitric acid he has shown that nitro hydrocellulose and nitro oxy- 
cellulose are not in themselves unstable. The prejudicial effect 
on the stability of crude nitrocellulose of N^Os in the nitric acid 
has been confirmed. A short boiling with dilute caustic soda 
solution renders the nitrous acid esters harmless. 

A description of the methods of analysis of cellulose nitrate is 
given by R. Gabillion (75) (76). 

The hydrogen ion method for the determination of the stability 
of nitro-cellulose as proposed by N. L. Hansen is discussed by L. 
Metz (77). 

From the experiments on the esterification of alkali cellulose with 
acid chlorides G. Kita et al. (78) arrive at the conclusion that only 
the chemically combined alkali takes part in the esterification. 
The same authors (79) treated dried cotton paper with stearyl or 
palmityl chloride in pyridine for eighteen hours, under reflux and 
obtained products the analysis of which indicated the formation 
of tri-esters. 

H. Gault and P. Ehrmann (80) by the action of the chlorides 
of laurie, palmitic and stearic adds on hydrocellulose “Girard” 
prepared the mono- di- and tri-esters of the respective acids. 
Esters of fatty adds of cellulose containing more than five carbon 
atoms are described in a series of papers by the same authors (81) . 

The naphthenic acid esters of cellulose have been prepared by 
G. Kita and coworkers (82) (83). A description of the com- 
pounds is given. 

Hydrophilic cotton, “Girard” hydrocellulose, cellulose from 
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cupraimuomuza, from viscose and alkali cellulose were used. An 
improvement was made by using SOCla instead of the usual PCU 
or PClj in the preparation of the acid chlorides used. 

The viscosity of cuprammonium solutions of cotton cellulose 
has been investigated by F. C. Hahn and H. Bradshaw (84) who 
find that higher viscosities are .obtained with linters than with 
long fibered cotton. 

0. Faust (86)J has foimd that artificial silk fibers or films of all 
types when stretched show double refraction, and lose the prop- 
erty again when released. 


ANALYTICAL 

A. Eliesel and N. Semigasnovski (86) have published a method 
for determination of cellulose in plant material, by fiirst hydro- 
lyzing with dilute HCl to remove easily hydrolyzable material 
and then hydrolyzing the cellulose with sulfuric acid and deter- 
mining the glucose obtained. 

A discussion of the determination of alpha cellulose is given by 
P. Waentig (87) in which he mentions several unsatisfactory 
a^ects of the procedure and offers recommendations for remedy- 
ing them. 

BIOCBEHICAL 

In the investigation of pine wood, J. Marcusson (88) observed 
during rotting the cellulose is converted to oxidized cellulose and 
pectins. 

S. Winogradski (89) has described the isolation in pure culture 
of a cellulose digesting vibrio. The gelatinous substance obtained 
is thoi^ht to be a colloidal form of oxycellulose. 

A very sensitive method for detecting differences between the 
various types and varieties of cellulose, throu^ hydrolysis with 
snail cellulase is described by P. Karrer (61) . He has also shown 
that in the hydrolysis of cellulose by this enzyme the further 
addition of the same does not carry the action beyond that ob- 
tained by the original present. It is the opinion of the author 
that cellulose consists of two constituents which differ in their 
behaviour toward enzymes. 
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In another paper P. Karrer and P. Schubert (90) eominunicate 
the results of their study of the rate of enzyme action of snail 
cellulase on cellulose and viscose filaments. They conclude that 
the seration of the surface, the character of the surface membrane 
and possible salt occlusion are important contributory factors 
in this reaction. 

J. A. Viljoen, E. B. Fred, and W. H. Peterson (91) reported the 
isolation in pure culture of a thermophilic organism which de- 
stroys cellulose at 65®. After growth on cellulose free media it is 
unable to fennent cellulose. 

MISCELLANEOUS 

That the age of the fiber, whether living or dead, is neglected, 
though chemical and coUoid changes may take place, is noted by 
C. G. Schwalbe (92). He mentions that standard cellulose 
should be used in all investigatiors and refers to the work of the 
American Chemical Society’s Committee. 

P. Ehrmann (93) gives a review of the chemistry of cellulose 
and its derivatives with 123 references. 

A review of the structure of the cotton fiber by A. J. Turner 
(94) has been published with a bibliography of sixty-five 
references. 

STARCH 

C. L. Alsberg, E. P. Griffing, and J. Field (96) describe a method 
of preparing a starch solution, by first grinding in a ball null 
followed by sifting 2 per cent of the ground material into distilled 
water, and stirring for approximately one hour. The liquid is 
centrifuged at 2000 r.p.m. for one-half to one hour. The super- 
natant liquid is stored in a bottle, the surface being covered with 
toluene. Clear solutions are obtained in this manner, which will 
keep for many months and are considered superior for use as an 
indicator to lintner’s soluble starch or starch paste. 

In a series of communications Kikuo Nagai (96) reported the 
results of ultra-microscopic studies on the fermentative processes 
of starch and on the starch-iodine reaction. Also starch digestion 
with pancreatin. 
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A study of the acid hydrolysis of starch by D. R. Nanji and 
R. G. L. Beazeley (97) led to the conclusion that the gelatiniza- 
tion of ordinary starch is due to the calcium salt of the amylo- 
phosphoric ester rather than to the ester itself. It was found 
that soluble starch was able to take up calcium from water when 
the amount present was as low as 1 part of calcium per 100,000 
parts of water. 

A triacetyl amylose was obtained by Max Bergmann and Ewald 
Knehe (98) by the acetylation of amylose in pyridine. Saponi- 
fied with alcoholic potassium, amylose is regenerated which shows 
all of the properties of the origboal material, and when reacety- 
lated in the same manner gives the same triacetate. From this 
the authors conclude that amylose is a strongly aggregated glucose 
anhydride and not a polysaccharide. 

R. Kuhn and W. Ziese (99) foxmd that upon the degradation 
of monomethyltrihexosan a 6-methyl-glucose is obtained. The 
results definitely exclude Pringsheim’s (100) fonpulas for the 
hexosan. The authors conclude that the view generally held that 
oxygen bridges occur in starch through the C-6 position must be 
abandoned. 

J. C. Irvine and J. MacDonald (101) found that the exhaustive 
methylation of starch yielded three products of constant com- 
position and properties; (1) dimethyl starch with 32 per cent 
methoxyl, (2) methylated starch containing 36.3 per cent meth- 
oxyl, and (3) trimethyl starch, 43.7 per cent methoxyl. The last 
two yielded 2,3,6 tixmethyl methyl glucoside, when hydrolyzed 
with methyl alcohol and hydrochloric acid. The 2 ,3 ,4 product 
which is derived from maltose could not be found. 

In a paper on the constitution of starch, A. Pictet (102) shows 
that a linear relationship ®dsts between the molecular optical 
rotatory power of degradation products of starch and their co- 
efficients of polymerization. He considers that a condensation of 
three molecules of hexahexosan, (CeHio06)6, is the simplest mole- 
cule of soluble starch. In. these molecules, (CeHioOt)^, all of 
the atoms are held by their ordinary valences. In starch these 
molecules are probably associated. < 

In a continuation of his work on the chemistry of starch, "EL, 
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Priogsheim and J. Leibowitz (103) discuss the molecular magni- 
tude and association of polyamyloses. The same author (104) 
gives a summary of his views on the constitution of cellulose and 
starch. 
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THE MOLECULAR STRUCTURE OF WATER 

HARRIS MARSHALL CHADWBLL 
Department of Chemistry , Tufts College^ Massachusetts 

Because of the importance of water in the theoretical specular- 
tions as well as the practical routine of chemists, a review of the 
theories concerning its structure is pertinent. The physical prop- 
erties of liquid water are different from those of most liquids. 
As the distinction between normal and associated liquids has de- 
veloped, water has been accepted as an excellent example of the 
second class. A record of the development of the various theories 
of the liquid state, as they have been proposed to explain partic- 
ular physical properties, would elucidate the case of water. All 
these criteria of association qualitatively classify water as asso- 
ciated yet the different quantitative methods no not 3 deld con- 
cordant results as to the extent of that association (1). Hence, 
we shall primarily consider those theories which deal with water 
itself, reviewing the hypotheses that have been advanced con- 
cerning the equilibria existing in the liquid state. 

"ice molecttles” 

Whiting (2) was the first to speak of the possibility of “solid 
particles” in liquid water. In a thesis on a “Theory of Cohe- 
sion” published in 1884, he developed mathematically a theory 
of cohesion based on the action of three pressures, an external 
pressure, a pressure caused by the kinetic motion of the particles, 
and a pressure due to the affhities of one molecule for another. 
He assumed that cohesive forces between two particles depend 
upon the fourth power of the distance between them. From 
these assumptions he derived formulas connecting the physical 
properties of a liquid, such as volume change with temperature 
and pressure, latent heat, specific heat, critical phenomena, etc. 
Because the data for water did not satisfy his equations which 
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were applicable to most liquids, he came to the conclusion that 
only those liquids which suffered no molecular rearrangements 
when heated or put under pressure satisfied his equations. He 
applied the theory of probability to liquids near their freezing 
point, and found that in a liquid state there are some particles 
correspondihg to the solid state and in a solid state some particles 
corresponding to a liquid state. What distinguishes a solid from 
a liquid is not, according to this theory, the fact that all particles 
are either solid or liquid, but simply that the rate of solidification 
or of liquefaction is in excess of the other process. The existence 
of an indefinite number of these small solid particles would have 
a marked influence on volume changes provided they were differ- 
ent in volume from those of the liquid state. But water expands 
on solidification, so that if the number of solid particles increases 
with decrease in temperature, the liquid woidd expand on cdoling. 

Whiting continues, 

It may be allowable to suggest, that from almost any point of view, 
there will be in melting ice, only from 50 to 70 per cent of solid particles, 
and in freezing water nealy one-half as many, but in boiling water not 
more than one-third; so the number which disappear in melting is not 
more than twice the number which are eliminated when the liquid is 
raised to boiling. The expansion, therefore, from 0° to 100° instead of 
being 1.04, is probably from, 0.08 to 1.10 and the real coefScient of 
expansion at 0° is from 0.0006 to 0.0008, increasing regularly with the 
temperature, as in the case of any ordinary liquid. 

In those early days Julius Thonosen (3) concluded that water 
molecules are twice as heavy as vapor molecules, as did Eaoult 
(4) from a study of freezing points of solutions. Armstrong (6) 
in 1888 advanced the idea that liquids in general are probably 
made up of complexes of the fundamental gas molecules through 
the action of residual affinity. 

Vernon (6), quite independently, explained the temperature 
of maximum density by the presence of “water molecules aggre- 
gating together,” and possessing a density smaller than water 
but larger than ice molecules. The water molecules were sup- 
posed to be (H 20)2 while the complexes were given a formula 



MOLECULAR STRUCTURE OF WATER 


377 


(HsO) 4. He also demonstrated from specific heat data that the 
increase in complexity of the molecules is accompanied by an 
evolution of heat. 

To Rdntgen (7) is commonly ascribed the first suggestion of 
"ice molecules” in liquid water. His paper followed that of 
Whiting by eight years but was very much more extensive in 
explaining the properties of this interesting liquid. He postu- 
lated that water is a saturated solution of ice molecules and that 
the concentration depends on the temperature, a decrease in 
temperature favoring the formation of the more complex ice 
molecules. He assumed further that the change in molecular 
state from complex to simple molecules, corresponding to melting 
of ice, has the result of decreasing the volume. On these assump- 
tions he explained the point of maximum density. If water below 
4® is heated, the volxime would be changed by two actions; first 
there would be contraction due to the breaking up of the bulky 
complex molecules, and secondly there would be an expansion due 
to thermal expansion of the liquid molecules. If the former is in 
excess of the latter, the liquid would contract on heating; but if 
the latter is in excess of the former, there would be an expansion 
on heating. This is what is assumed to occur below and above 
the point of maximum density. 

Rdntgen said, from the analogy of ordinary saturated solutions, 
that pressure would decrease the number of ice molecules, and so 
cause a contraction. For a given pressure, this would be greater 
the lower the temperature. The compressibility of a normal 
liquid is smaller the lower the temperature. So it follows that for 
water there is a point of minimum compressibility at some ton- 
perature above the freezing point. Such a point is found at 
about 50®. 

A third anomaly was the fact that the thermal coefficient 
of expansion of water at pressures of 3000 atmospheres is opposite 
in sign to that of other liqujds, for it increases with increasing 
pressure. N ormally this would decrease with increasing pressure, 
as does the compressibility. If the pressure breaks up the com- 
plex molecules fast enough for the resulting increase of volmne 
to exceed the decrease due to the normal action of pressure, then 
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the thermal coefficient would increase with increasing pressrxre, 
as it does in the case of water. 

Rontgen claimed that on the assumption that the number of 
ice molecules is decreased by pressure, the maximum density of 
water would occur at a lower temperature imder pressure (as found 
by Amagat and others) and the freezing poinit would be lowered 
by pressure. Furthermore, within a certain interval of tempera- 
ture, water subjected to an increase in pressure, would cause a 
cooling, on the assumption that the change of ice molecules to 
simple molecules uses up heat. 

The last anomaly explained by Rontgen was the decreasing 
viscosity of water with increasing pressure. This was accom- 
plished by the assxunption that the simple molecules had a smaller 
viscosity than the ice molecules. 

These postulates have been the foundation of practically all of 
the theories concerning the molecular state of water. 

THE CONCEPT OP EQUILIBRIUM 

The principles of thermodynamics were applied to the problem 
by Van Laar (8) who, after having accepted Ramsay and Shields ’ 
values for the quantitative degree of association, concluded that 
an equilibrium exists between double and single molecules, their 
proportions changing with conditions as postulated by Rontgen. 
Furthermore, when a second material like alcohol is added, he 
supposed that some of the double molecules are broken into single 
molecules, with a resultant contraction. 

Rdntgen’s postulates were used by de Coppet (9) and Witt (10) 
to explain the displacement of the temperature of maximum 
density in solution. Witt also attempted to explain heats of 
solution, abnormal lowerings of the vapor pressure and excessive 
increases of osmotic pressure as they changed with concentration. 
He believed that this simple water molecule is (HsO)a while the 
ice molecule is (HsO) s. 

Sutherland (11), in 1901, presented a very interesting attempt 
to determine the relative amoimts of the complex molecules 
under various conditions. His calculations led him to believe 
that water is a binary mixture of trihydrol (H* 0)3 and dihydrol 
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(HgOJa existing in a dynamic equilibrium. Due to the hexagonal 
structure of ice, the solid molecules .(those having the greater 
volume) were supposed to be trihydfol, (H20)8. From the 
density of ice and the usual expansion resulting upon melting the 
solid of a normal liquid, he calculated the probable density of 
the trihydrol molecules in the liquid state. The change in 
density of the simpler molecules with a change of temperature was 
assumed to be given by the tangent drawn to the density-tem- 
perature curve at 100°. Then by the use of Mendel6e£E’s equa- 
tion for the expansion of normal liquids and the mixture law he 
calculated the various amotmts of the different molecular species 
existing at any ternperature. At 0° the percent of (H20)s was 
37.5, at 20° 32. 1 per cent, and at 100° 21 .7 per cent. At the critical 
temperature the liquid was supposed to be nearly pure dihydrol. 
From this table of cornposition the various physical properties of 
the two components were calculated. The change in composi- 
tion with a change in pressure was also calculated, and resulted 
in the prediction of the pressure above which water would behave 
like a normal liquid composed of only one sort of molecule, 
dihydrol. 

Sutherland reasoned further that if pressure causes dissociation 
of complex molecules, then surface tension would produce a layer 
of more highlj associated molecules. At temperatures below 40° 
this layer was supposed to be pure trihy^ol. 

The abnormally large heat changes accompanying a change 
in state are further evidence that the molecular nature of water 
is complex. The heat of fusion must include the heat of reaction 
of di- to trihydrol, while the heat of vaporization must include 
the corresponding change from dihydrol to monohydrol (water 
vapor molecules). Sutherland estimated each of these heats of 
reaction. 

The decrease in viscosity of water with an increase of pressure 
or temperature was explained by. the assumption that the smaller 
particles formed by the breakmg up of the complexes have a 
smaller viscosity than the aggregates. The fact that the viscosity 
of some dilute solutions is smaller than that of pure water was 
explained by the breaking up of some of the trihydrol under the 
action of the solute. 
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The fact that the freezing point occurs at a definite temperature 
even though the liquid consisted of di- and trihydrol in dynamic 
equilibrium gave Sutherland some difficulty. He suggested that 
this is caused by some sort of molecular resonance. 

The changes in volume due to changes in polymerization have 
been considered by Richards (12) in connection with his lucid 
explanation of cohesive forces as they affect volume. Here the 
union of molecules was supposed to take place through the forces 
between oxygen atoms. 

Hudson (13) explained the constant temperature of freezing by 
assuming that the ice molecules have a definite solubility in the 
water as well as a definite equilibrium concentration, both of these 
concentrations varying with the temperature. When they are 
equal (at 0° in pure water) solid appears. Above 0® the equilib- 
rium concentration would be less than the solubility. If a 
second chemical substance is introduced, this is supposed to de- 
crease the amount of ice molecules, making it necessary to cool 
the solution to a lower temperature before the equilibrium con- 
centration reaches the saturation point of the ice molecules. 

In 1908 Armstrong (14) attacked the problem from the chemical 
point of view and suggested the possibility of the existence of 
isomeric water molecules of the same molecular complexity but 
with different structure. These molecules have different activi- 
ties depending upon their chemical structure in a manner similar 
to organic compoimds. For example, the active isomers might 

/ \ 

be hydrol (OH*) or hydronol I HjO ) while the inactive 

\ \OH/ 

molecules would be represented by closed systems with oxygen 
atoms joined to oxygens, each having a valence of four. These 
were called hydrones. He believed that in solutions of electro- 
lytes the solute changed the proportions of these constituents and 
that the ions combined with the active forms of water. From 
this point of view he studied the volume changes on neutralizing 
acids and bases, the effects of salts on optical activity of sugar 
solutions, etc. More recent views will be discussed later. 
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THE FARADAY SYMPOSIUM 

In 1910 the Faraday Society (16) held a symposium on the 
structure of water. Papers were presented by Walden, Guye, 
Bousfield and Lowry, Sutherland, and Nernst. Walden showed 
that water is not an electrolyte except in solutions where its 
amphoteric nature allows it to form some kind of a “salt” with 
the other constituent. Guye presented his quantitative method 
of determining association in the liquid state, based on the 
assumptions that association existing in the vapor state proves 
association in the liquid, and that liquid water is made up of two 
sorts of molecules, a single and a double one. At 100® the asso- 
ciation factor was equal to 1.86. Sutherland reiterated his belief 
that liquid water is a binary naixture of molecules, suggesting that 
any (HsO)i was completely ionized into and OH”. 

Bousfield and Lowry presented an important paper in which 
they suggested that water is a ternary mixture, composed at low 
temperatures of (H20)3 and (HaP)a, but at higher temperatures of 
(HaO )2 and (HaO)i. This conclusion was arrived at by consider- 
ing water as the limiting case of a series of solutions of sodium 
hydroxide, where water is the most complex system, the com- 
plexity decreasing with increased concentration, until at 12 per 
cent the curves which represent changes in solution volume with 
temperature could be represented by a parabolic formula and at 
42.6 per cent by a linear function over the temperature range 0° 
to 100°. The straight line, which is the limili of these curves, is 
tangent to the specific volume temperature curve for water at 
about 30°. (The solution volume of a solute is defined as the 
increase in the volume of the liquid which takes place when 1 
gram of the solute is dissolved in 100 ce. of the solvent.) At 60° 
the specific volume curve for water begins to become abnormal. 
Which was explained by the presence of increasing amounts of 
steam molecules. So Bousfield and Lowry differed from Suther- 
land in thinking that the line showing the normal behavior of 
pure water molecules is tangent to the actual curve at 30° rather 
than at 100°. 

The solutions studied were those of sugar, acetic acid, and such 
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strong electrolytes as sodium hydroxide, silver nitrate, lithium 
chloride, etc. In such solutions the possibility of hydrate forma- 
tion must be considered. In the curves obtained for the salts, 
there are decided maxima, which flatten out as the concentration 
of solute decreases. In such cases the curve for water is the sim- 
plest of the family. Hydration of the solute was used to explain 
these curves. . • 

The last paper presented at the symposium was by Nernst, on 
the specific heat of steam, water, and ice. He showed that the 
data could be explained by accepting the expression: 

2HiO « (H20)t + 2519 calories 

At the end of the discussion, Professor James Walker, the 
chairman of the meeting said: 

1 should think as a result of this discussion, one will soon find even in 
the textbooks that while ice is trihydrol, and steam monohydrol, liquid 
water is mostly dihydrol with some trihyirol in it near the freezing point 
and a little monohydrol near the boiling point. 

Bousfield has used his theory of the structure of liquid water in 
several later papers. In the first of these (16) he pointed out that 
there is probably an intimate connection between the vapor 
pressure of water and the proportion of steam molecules in the 
liquid; that there was little doubt that the proportion of steam 
as well as ice molecules is reduced by the solution in water of any 
solute, and that this is connected with the reduction of the vapor 
pressure. He again pointed out (17) the “remarkable fact that 
steam molecules, like ice molecules, must be considered as bulky 
molecules.” In the second paper (18) osmotic pressure was 
attributed to the thermal agitation of the vapor molecules (HjO)i. 
The addition of a solute was said to be accompanied by a shift in 
the equilibrium conditions of the liquid water, which results in 
the depression of the vapor pressure and of the 'freezing point. 

CRYOSCOPIC DETERMINATIONS 

Various other methods of attack have been used in attempting 
to determine the molecular state of water. One that would come 
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to mind immediately would be that of cryoscopic determinations 
(19). On the basis of the theories outlined, the assumption that 
the molecular state in pure liquid would be the same as that 
existing in the presence of a large excess of a second substance is 
false. The apparent molecular weight of the water, of course, 
varies with the concentration of the solution. With solvents 
such as p-toluidine, phenol, bromoform, methyl oxalate, ethylene 
bromide, and veratrol the calculated molecular weight of the water 
varies from 17.6 to 35.9. Bruni and Amadori (19) concluded that 
in nondissociating solvents water forms complex molecules and if 
double molecules exist exclusively, they do so only in very con- 
centrated solutions, while in all solvents water tends to form 
simple molecules of monohydrol in dilute solutions. Oddo and 
Scandola (20) in 1910 critically reviewed the cryoscopic deter- 
minations and decided that in practically aU solvents the water 
exists as (HsO)* unless it combined with the solvent. 

From a study of the system: water, ether, and succinic acid, 
Forbes and Coolidge (21) estimated that the association factor of 
the water dissolved in the ether is a little less than two. 

THE CRYSTALLINE HYDRATES 

Still another method of attack has been the study of crystalline 
hydrates, there bdng a supposed relation between water of 
crystallization and liquid water. One of the most common of the 
early attempts was to calculate the density of the water held in 
the crystal and then classify it as a particular form of hydrol. 
Pickering (22) said that the density is the same as that of ice, 
believing that ice is not an aggregate of the water molecule but 
an entirely different compound. A study of specific heats of 
hydrates confirmed his views. Thorpe and Watts (23) said that 
water of crystallization has a density of 1.24. Sutherland (24) 
calculated that the density of water held in LiaS 04 ’H 20 is 1.31 
and thus about the average of 31 other hydrates, as determined 
by Clarke (25) . As a consequence, he assumed this to be the den- 
sity of solid monohydrol. Biltz (26) has recently calculated 
the molecular volume of the water in CuS04-2Hs0 to be 13.7 cc. 
Rosenstiehl (27) made an extensive study of some 179 hydrated 



384 


HARRIS MARSHAV.L CttAWELL 


salts and concluded from the numbers of water molecules lost in 
each step of hydration that liquid water is a ternary mixture of 
(HsO)i, (EaO)*, and (H*0)3. ■ 

The x-ray analysis of hydrates shows the futility of these 
attempts. What data there are would show (28) that the water is 
present as HjO units. In the hexahydrate of zinc bromate, for 
instance, the six HsO groups are all equivalent and have a similar 
arrangement, probably about the zinc atom. In the alums the 
twelve water molecules fall into two groups of six equivalent 
molecules, probably arranged about the metal atoms. 

THE STRUCTURE OF ICE 

We have seen in the preceding discussion that the molecular 
unit of ice has been assumed to be trihydrol. This is affirmed by 
Fielding (29) while Duclaux (30) has suggested that its composi- 
tion is between (HjOle and (HjO)ss. 

The researches of Tammann (31) and Bridgman (32) on water 
under high pressure and the evidence for believing the existence 
of several forms of ice are well known. They have studied water 
under high pressures over a large range of temperature and have 
found that there are five different kinds of ice, each one stable un- 
der particular conditions of pressure and temperature. Tam- 
mann believes that it exists in several forms which fall into two 
groups: (a) those which are lighter than liquid water, and (b) 
those which are heavier than liquid water. He concludes that 
ice belonging to group (a) separates only from liquid water rich 
in polymolecules, while Jbhose belonging to class (b) form from 
water containing an abundance of simple molecules. Ordinary 
ice, called I, belongs to group (a). Ice II and III he concludes 
to have the same form and to fall in class (5). He believes that 
liquid water under pressure behaves like a two component liquid. 

In the papers on water, mentioned above, Bridgman discussed 
many of the abnormalities of water which change in magnitude 
with pressure and temperature. It was shown that water passes 
from an abnormal to a normal liquid as the pressure and the 
temperatuie increase; for instance, the minimum of compressi- 
bility at 50* is eliminated as the pressure increases. The point 
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of maximum density, which is at 4“ at atmospheric pressure, is 
depressed rapidly by increasing pressure until it has fallen below 
the freezing point at 300 kgm. per square centimeter. These 
abnormalities of changes in volume with pressure and temperature 
were explained on the basis of polymerisation, the presence of 
only two kinds of particles being assumed. 

At temperatures near the melting point Tammann (33) believes 
that diffusion in a crystal occurs so that the molecular weight of 
a crystal near its melting point may be discussed. He calculated 
from Walden’s (34) rule, admitting the doubtfulness of its appli- 
cation, that the molecular formulas of the ice I, III, IV, and VI 
are (HaO)j, adding that the differences in the ices are due to 
isomerism rather than polymerism. He further concluded that 
only such molecules form crystals as exist in the liquid. 

With the application of x-rays to the study of crystals of polar 
substances our concept of molecular weight in the solid state has 
little significance, giving place to the well known lattice structure 
in which molecules are indiscernible. The x-ray analyses of ice 
have yielded divergent results. A Laue photograph by Rinne 
(35) assigned ice to the hexagonal system with an axial ratio of 
a : 0 =» 1 : 1.678. From an assumption that the crystals are not 
twinned, Gross (36) found that a unit cell containing two mole- 
cules of H*0 witib, axial ratio of 1.60 is compatible with the Laue 
photograph. Acoording to the spectrometric r^ults of St. John 
(37), the unit cell contains four molecules of HjO with a ratio 
■a : c 1 : 1.4026, The powder photographs of Dennistffli= (88) 
have been interpreted to yi^ a unit of yet another having 
aa axial ratio of 1.62. The close approximation of asaal 
ratio to the ratio for the closely, pa^ed grouping of chores 
(1: 1.633) was taken as an inthcation that the molecules ^ waNir 
are associate into (HtO)a groups (39) which are thsms#^ 
closely pao]^. _ * 

These data of Bfenhton have been used to eon&m the stp^al^ 
id JBra^ (40), arrived- at by independent cdculation. 
bshevee that im moieoular unit existe in ice, that 
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oi^anic liquids (41) two, three, or four molecules may exist as such 
in a crystal. 

WyckofiE (42) in reviewing these determinations concluded that 
there is such serious conflict among the reported experimental 
data that “consequently nothing definite can be considered as 
known about its atomic arrangement. ” 

VAPOB DENSITY EVIDENCE 

Until recently it has been believed (43) that water in the vapor 
state is composed principally of single molecules but that there is 
a certain quantity of double molecules also. In fact, Guye’s (44) 
method of determining the extent of association of a liquid was 
dependent upon the concentration of associated molecules in the 
vapor. Bose (45) calculated from the density determinations of 
Komatz the concentration of double molecules to be about 10 
per cent from 0® to 200®, while Oddo (46) assumed dissociation 
below 32® C. and association above that temperature in order to 
explain the data (41.4 per cent of (H20)* at 270®). 

Recently, however, both Kendall (47) and Menzies (48) have 
concluded from a recalculation of the old vapor density values 
that there is no evidence for the existence of double molecules 
when the densities are corrected for deviations from the perfect 
gas law. Shirai (49) confirmed this conclusion for the tempera- 
ture range 80® to 140°. However, new determinations of density 
with an accuracy within 0.1 per cent at atmospheric pressure and 
at a temperature range from 98° to 200® have been reported by 
Maass and Mennie (50). The results show greater divergence 
from the ideal density than can be accounted for on the basis of 
the equation of state. As a consequence they have adopted the 
hypothesis of polymerization with the formation of double mole- 
cules. This association in the vicinity of 100® and 1 atmosphere 
pressure was estimated to be less than 0.9 per cent. 

Gillet (51) has attempted to extend the fundamental portions 
of the theory of the polymerization of water to both real and colloi- 
dal solutions, but made many unreasonable assumptions. 
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BECBNT THEOBIES 

H. E. Armstrong has long been a proponent of the marvelous 
nature of water and has pointed out on every possible occasion 
the ne^ect which chemists have shown in considering it a more 
inert solvent. The development of his views concerning water 
and his attack on the theory of ionization since 1888 are to be 
found in his very recent collection of essays, “The Art and 
Principles of Chemistry” (52). He believes that water is a com- 
plex mixture saturated with the “gas” hydrone, OH*, which noay 
become active under the influence of a dissolved substance. The 
relative proportion of this molecular ^ecies, either in water or 
an aqueous solution, is supposed to be measured by the vapor 
pressure. In a solution the hydrone molecules will be “distiib- 

uted” upon the solute, forming M if the solute is a non- 

\OH 

/= /R 

electrolyte (M), or EX and H20 when the solute is an 

\OH \X 

dectrcJyte As the concentration of the electrolyte 

decreases, RX is supposed to be converted into hydronol, 
\OH 

/= 

HiO , until ultimately tire solution contains the solute only 
\OH 

yB 

in the form H 2 O together with an equal number of molecules 

\x 

of hydronoL These “distributed” complexes are the active 
constituents of the ^tem and have the power to attract sinj^e 
hydroires, thus servir^ to restore the hydrone equilibriuga.) .Tbe 
osmotic pressure is supposed to be due to these extra h 3 rdF(H]e 
molecule, the latter bemg proportionffl to the number “dis- 
tributed complexes.” 

A theory snhilax to tihat of Armstrong has been presented by 
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Kling and Lassieur (SS). The hydrol (Armstrong’s “hydrone,” 
and the simple HsO molecule) is supposed to be a conductor of 
electricity while the polymers are not. This hydrol is believed 
to exist in two tautomeric formX H* == 0 and H~0— H, the 
first basic and the second acidic, (H 20 )s being the neutralized 
product. When an acid is added, it is supposed to combine with 
Hj == 0. The ionic conception of hydrogen ion concentration is 
substituted by the concentration of the acid hydrol molecules. 

Both of these theories are considered inadequate by Auger (54). 
If there is an equilibrium between (H*0)n and nHjO, any hydrone 
that was fixed by a solute would be replaced by the equilibrium 
and as a consequence, the vapor pressure (supposed to be directly 
proportional to the concentration of hydrone) would not be low- 
ered. His objection to the second theory is that there' can be no 
equilibrium between the two tautomeric forms of hydrol or other- 
wise there would never be an excess of one form in solution. 

Tammann (55) has recently contributed a paper on the molec- 
ular composition of water, reiterating that the fact that water 
reachra a minimum volume at 4® can be explained by the presence 
of molecules of greater volume, which increase in concentration as 
the temperature is decreased. This molecular form (Type 1) is 
supposed to have the same space lattice as ordinary ice and to 
exist at temperatures up to 50® and pressures between 0 and 
^00 kgm. per square centimeter. Other forms of water mole- 
cules are supposed to be present in the liquid, but they are not so 
important in determining the physical properties. The degree 
of polymerization of this form has been determined from thermo- 
dynamic data to be either (HsO)®, in which case it splits into 
9(HsO)i, or (HsO)®, in which case it divides into 2 (H 20 )j. The 
heats of dissociation and specific heats are estimated. The 
change in viscosity with temperature and pressure does not seem 
to be strictly dependent upon the concentration, but surface 
tension and index of refraction below 60® are proportional to the 
concentration of Type 1 molecules. 

In a second paper Tammann (56) pointed out that the addition 
of a relatively nonvolatile substance (salts) displaces the volume 
m inimt i m to lower temperatures, and decreases the compress!- 
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bility in the same manner as an increase of external pressure. 
These alterations were attributed to changes in molecular com- 
plexity of the water, to a decrease in the concentration of molec- 
ular Type 1. If a non electrolyte is present whose solubility 
increases with the amount of Type 1 (more soluble in cold water 
than in hot), then it will be less soluble in the salt solution. This 
idea was tested by solubility determinations. 

X-EAY ANALYSIS OF LIQUID WATEE 

An entirely new method of studying liquids has come from the 
application of x-rays to the liquid state. When a liquid is sub- 
stituted for the solid in a powder photograph experiment a very 
different diffraction effect is produced, the picture consisting of 
broad but distinct bands rather than sharp lines. The bands 
are similar to those produced by glassy solids. There is at pres- 
ent no agreement as to the source of these bands. 

Debye and Scherrer (57) proposed that the bands arise from 
interference of rays scattered by the atoms within the chemical 
molecules of the liquid. Hewlett (58) assumed a crystal structure 
in the liquid state. On the other hand, Keesom and de Smedt 
(59) believed that the bands arise from rays scattered by mole- 
cules tihat are arranged in a more or less regular manner. , On the 
assumption tibat the molecules are closely packed sidieres, de 
Smedt (60) has calculated the degree of association of several 
organic liquids. Raman (61) does not agree with these concep- 
tions but believes that the “liquid patterns” arise from regular 
diferences in density existing in the liquid. An aitteanpt has been 
made by Raman and Ramanathan (62) to calculate this regalarity 
thermodynamically from the compressibility of the liquid. 

A series of experiments by Wyckdf (63) on liquid mixtums 
shows that the pattern of a, liquid mixture is the suin <4 ?Bje 
diffraction of its ccanponents and substantUit^ the eonclusion 
that the origin of the pattern is within, rat^ -than 
molecules, although the results do not exclude the posabiE^ 5^ 
their aii^g from . ehamcteristic ^ociation of ihe .nMceito. 
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stances as rabber in isoprene, etc. Zernike and Piins (65) demon- 
strated to their satisfaction that the patterns cannot be due 
to arrangements of dectrons in atoms or of atoms in moleoxiles. 
Future work alone will give the true explanation of this property 
of liquids. 

Langmuir (66) believes that a liquid resembles a solid in that 
there is no molecular unit of structure, but rather that the mole- 
cules are held together by chenoical forces of the same character 
as the forces acting between atoms. Recently Daniels and 
Williams (67) and Antonoff (68) have published data on the 
specific heats of liquids which seem to show that this property is 
discontinuous. This is explained by probable changes in molec- 
ular complexity. 

Latimer and Rodebush (69) have studied the structure of 
water from the electronic point of view and consider it to occupy 
an mteimediate position between hydrogen chloride and 
ammonia. They suggest tiiat a free pair of electrons on one 
molecxile naight be able to exert sufl&cient force on a hydrogen 
atom held by a pair of electrons on another molecule to bind tiie 
two molecules together. Such a union is not limited to the f ormar 
tion of double or triple molecules. This sort of association is 
very different from that of acetic acid (in which definite double 
molecules are supposed to be formed) and is probably the factor 
that produces the extremely high dielectric constant. 

AGGBBGATBS IN EQUIMBBIUM 

The hypothesis that liquid water contains various aggregates 
in equilibrium and that tiie equilibrium is changed by a second 
substance has found a number of applicatioos withiu the past 
decade. In a very interesting paper by Richards and Palitzsch 
(70) it is shown that the solution volumes, viscosities, surface 
tensions and compr^bilities of aqueous solutions of urethane 
can all be explained by assumiug that the bulky trihydrol mole- 
cules (according to the theory of Bousfield and Lowry) are broken 
up as an effect of the solute. The compressibility curve, for 
example, shows a very decided mlniTmim, the compressibility of 
the dilute solutions (up to about 25 per cent) being less than that 
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of pure water. The decrease is attributed to the effect of the 
solute on the solvent, the bulky polyhydrol molecules breaking 
up to form molecules having a smaller volume and compressi- 
bility, while the increase iu the property at higher concentrations 
is attributed to the urethane possessing a greater compressibility 
than the dihydrol' which has increased in amount in the liquid as 
the concentration of urethane has increased. 

Paghani (71) has used the same explanation for solutions of 
alcohol and water, although the viscosiiies could not be explained 
as easily as the compressibilities. 

The viscosities of certain dilute aqueous solutions are lees than 
that of pure water at room temperatures. To this has been ap- 
plied the misnomer of “negative viscosity.’’ A few alcohol and 
glycerine solutions diow the same behavior. Eabmovich (72) 
h&B made a critical study of the different factors acting upon the 
viscosity, particularly those factors which are able to lower the 
internal friction of the solvent. One of the most important of 
these factors is supposed to be the depolymeriaation of the asso- 
ciated solvent and it is this factor alone which is able to produce 
by itself negative viscosity. The simpler water molecules are 
supposed to have a viscosity very much smaller than the poly- 
hydrol, so that the char^ in viscosity through a change in solvent 
more than resets tire increase due to the presence of a viscous 
solute. 

POLTMEEIZATTON 

Ritiiards and Chadwell (73) contributed further evidence for 
the theory of tire polymerization of water throu^ a study of 
volume changes and compressibilities of aqueous solutions of 
non electrolytes. The results were explicable by refererree to 
three causes: (o) the mutual affinity or attraction manifested by 
the liquids for one another in rdation to the cohetive affinities ci 
the pure liquids; (b) the effect of depolymerization of one ot botir 
liquids, and posable solvation; (c) the effect of tire sevea^il coarH 
pres^bilities of the cohering substances. 

^ A possble stnioitm for dibydrol is gives by Andere^ Pioe, Xai&fiw Asad. 

Sci. (r«s»),i>.ra., 
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An illustration of the application of these considerations is of 
interest in our present discussion. It was found that the con- 
tractions taking place upon the formation of one liter of aqueous 
solutions of urethane, methyl acetate, and ethyl ether increased 
with an increase in concentration of the solute and for a given 
molal concentration-was greater for ether than for methyl acetate, 
which in turn was greater than urethane. These three solutes 
are considered to be little associated. 

They are, therefore, suitable for preliminary comparison. The 
average compressibilities (between 100 and 300 megabars) of these three 
substances in the liquid condition at 20“ are, respectively, 132, 88 and 
about 46 (eadbi X 10“*). Evidently, the contractions (15, 8 and 4.2 oc.) 
which take place on forming a solution containing one mole of solute 
per liter are roughly proportional to these compressibilities. 

One might infer that the compressibility of the solute is the only 
factor in the volume change, but this inference would be superBcial. 
It is not the compressibilityof the solute alone which must be considered, 
but rather its refetion to that of the solvent. Now the compressibility 
of liquid urethane is not far from that of water, althou^ probably 
somewhat greater. If no other circumstance entered into the situation, 
liquid urethane ought to be nearly “isofluid” with water, involving no 
volume change on mixing. There is thus reason to believe that the 
rather large volume change which actually occurs when urethane is 
dissolved in water is primarily due not to further compression of ure- 
than or water in the act of solution, but rather to some other circum- 
stance, presumably the depolymerization of some of the water, which 
would cause a diminution in volume, since there can be little question 
that the more complex molecule of water is more bulky than a less com- 
plex molecule. This conclusion gives a clue which will be followed later 
as to tibie extent of polymmzation of water. It does not, however, 
invalidate the conclusion that compressibility as indicated by the 
behavior of the solutions of ether, methyl acetate and urethane, is 
probably an essential factor in the volume change, the later being 
greater, the greater the compressibility of the solute. The same solvent 
is common to all. 

The relative differences in contraction caimot be due to the effect of 
several afBnities because, judgmg from the extent of solubility, ether 
has the least and urethane the greatest affinity of the three substances 
for water. This latter inference mi^t also be drawn from the heats of 
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solution of sitnilar substances in various solvents, determined by 
Speyers. 

Turning now to a study of the effect of a single solute on differ- 
ent solvents, the changes in volume were detennined for the solu- 
tion of urethane in benzene, alcohol, water, and ether. 

Again ether, the most compressible of all ihese solvents, gives by far 
the greatest change in volume. In the case of benzene the smaher com- 
pressibility (77 X 10"*) and small affinity (ehown by the sli^t solubility 
and great negative heat of solution) are psresumably the reasons why 
this substance gives a sli^t increase rather than a decrease in volume. 
Alcohol and water behave as would be expected, taking account of their 
association; the volume change in the case of water is over twice as great 
as in the case of alcohol, although the compressibilities ^ow the opposite 
relation. When urethane is dissolved in water, the dissociation of a part 
of the more complex molecules of water may be assumed to cause con- 
siderable contraction, and this contraction is to be added to that (if any) 
due to the mutual compression of the two substances. On the other 
hand, in the case of alcohol the dissociation (by causing expansion) 
would tend to decrease the volume'diange. Hence, the transposition 
of the two curves is only to be expected. The ^ect of change of poly- 
merization may. ihen be inferred (With regard to this particular pair) 
to exceed that due to the different compressibilities. 

These qualitative oondderations are inevitably incomplete, e^mudly 
in view of the fact that the compressilnlities of all sub^ances diminish 
(to various extraits) with increasing pressure. Nevertheless, they are 
not without s^niflcance. 

No evidence as to the actual number d water molecujes in the 
polyhydrol wag found in these experiments, althou^ an approxi- 
mate estimate was made of 28 per cent of polymer ppesi^ in 
water at 20°. 

One of the most impressive pieces d evidmioe for the the^y of 
the polymerization of water was found in theiaet that thq .cc^- 
pressibilities of aqueous solutions of ethm? and methyl acei^^ 
less than water, even'tbou^ 
solute are very much greater. 
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as great as that of water.) The half moM solutions of these 
solutes and urethane possess a compressibility about 3 per cent 
less than that of pure water. It appears that the compressibility 
of any dilute aqueous solution is less than that of water, and that 
the only plausible cause of this common effect is the depol 3 rmeri- 
zation of water. 

Since the viscosity of the depolymerized water molecules is 
supposed to be less than that of the polyhydrol, the viscosities 
of these aqueous solutions mi^t be expected to be considerably 
lower than that of water. Ghadwell has shown that this is not 
the case at a temperature of 25®, (74), but instead the viscosities 
erf the solutions are greater. This increase in viscosity seems to 
be a general property of aqueous solutions of nonelectrolytes, at 
least at a temperature of 25®. The effect of the change in poly- 
merization is covered up by other factors, possibly change in 
volume, etc. 

Still another abnormal property that can be explained by the 
theory is the variation with temperature of the magmstization 
(75). . ■ 

An entirely different application of the theory is the explana- 
tion of Bancroft (76) for the peptization of gelatin by various 
salt solutions. The addition of salt affecting the water equilib- 
rium is supposed to affect the peptization if one of the forms of 
water is the determinant f aveuing peptization. One of Bancroft 's 
students, Bowe (77), has used the theory in the study of the 
neutral salt effect. 

The pertinence of the water equilibrium to phenomena related 
to aqueous solutions of electrolytes has been recognized by many 
investigators, but very little progress has been made in applying 
the ideas to the electrical properties of solutions. For instance, 
Kendall (78) has corisidered the consequences of a shift in equilib- 
rium in an elucidation of the application of ideal solution 
equations to dilute aqueous solutions. 

Bancroft (80) in reviewing the present status of the theory of 
electrolytic dissociation says: 

Forty years of intensive development have brought tte to the point 
where we cannot determine any electrolytic dissociation with any 
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degree of accuracy and where we question the significance of the term 
‘‘electrolytic dissociation.” . . . . It is easy enou^ to point to one 
factor which has been neglected practically completely and which may 
be the one which has caused most — and perhaps all — of our diflBLculties. 
For years H. E. Armstrong in England has chided the physical chemists 
for considering water only as water, whereas it is a complex and variable 
mixture.. This criticism seems well founded; but unfortunately, Arm- 
strong has never succeeded in Growing what could be done with his 
idea and consequently, the idea has been valueless hitherto. Everybody 
admits that water is a polymerized liquid and that the degree of poly- 
merization may change on the addition of electrol3d;es. Sutherland, 
Lewis, McBain and others have suggested such a displacement of 
equilibrium as a possible source of error in our {fiiysical chemistry cal- 
culations; but nobody seems to have made a serious attempt to see how 
adequate this suggestion is. 

Let us hope that in the near future rapid progress will be made 
in this important field of investigation. 
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